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SUHHAHY 
The phys~cal properties o£ concentro.ted sol~d-l~qu~d 
emuls~on systems typico.l of matcr~als ~mportant in the pho.rma-
ceut~cal and cosflCtlc ~nduotr~cs o.re ~nvest1gated, 
An m.1uls~on J.s defined as a heterogeneous systeL.l consJ.stJ.11G 
of at least one l,:L .• ~sclblc liqu~d. lntumtely chspcrscd ~n o.nothor 
~n the for11 of droplc to. Houevcr, ~t J.s noted tll<J.t many 
1.ndustrial oil-1n-ua tor eL1ul.:;;J.ons con tn.in hJ.Gh 1;1c 1 t1ns po1n t 
fats 2-nd 11c.xes so thD.t tlw dlsperse pho.oe l.G l~qu~C: at elevated 
ter.1peratures but sol~d~f~co on cool~nrr. EnulsJ..on lJropcr"GJ.cs 
arc rcvlc\;ed fron the l~tcraturc. It lS coilcluce<l thr.t enuls~­
fJ.catJ.on J.S a randor.1 process so th ... ~t an c.1uls1on contains 
droplets of vary~nc s~zc. Th0 SJ.ZC clJ.strJ.butJ.on J.G best 
dcscr~bed by a log-probab~l~ty relat~onslnp. PrcvJ.ous 1nvcst1-
caters ho.vc generally relied upon l~r,ht lUCroscopy for particle 
size 1J~asurch1ent but s1ncc sub:::IJ..cron petrtJ.clcs arc knm,Jn to 
ex~st lll sorae systens tluo r.10thoo lS of luatcd. appllcat~on, 
Slzo ano.lys~s of o. model Cr.!uls~on us1ng C.~fferent nethods 
conf1.rmcd tho.t the systcr1 conto..J.nccl subrn.cron i_JartJ..clcs and 
dc:.10nstro.ted that ext.ca_polatlon tcchn~qucs are unrcl~ablc. It 
~s co,1cludccl tl1o.t no one ncthocl lS aclcquntc for the LlCasurcr.wnt 
of the 11idc ranGe of po.rt~cle sizes that co.n cx~st ~n ouulslon 
nystcrlS o.nd a coub:LnatJ.on of centrlfug.:tl photoscdJ.mcntoulCtcr 
and Coulter Counter ~s SUGGested. Coulter Counter ncasureneni..o 
arc sh01m to be subJect to flocculntlon cffec ts clue to the 
presence of electrolyte and a ncaJ.1S of ovcrcouJ.ng thJ.s J.S 
descrlbed, Tho ccntrJ.fucal photo.scc1J.L1Cntometer can only be 
crJploycd usJ.n.r; a homosonoous su:Jpcnslon tcchn1quc w!n.ch J.s 
also deocr~bcd. .Re pea tcd aaalysJ.s of the soJJC sn.r1plc usJ.ng 
(J.i) 
these h10 J.nstrur.wnts sugsests th~t the tlw ncthoos nay be 
co11parcd, at least over thu cor..1r.10n ranee of s1.zc. A r.w thod of 
buJ.ldJ.ng up a log-probabJ.lJ.ty cJJ.strJ.butJ.on by a norJ.1C.lJ.satJ.on 
process J.S dcscrJ.bcd. 
A nuJ,lbcr of OJ.l-J.n-•Tc'Lor soll.t~-llqUJ.(l cnulslon systcnG ucro 
prcpo.rcd by vc.ryJ.nG the type oncl cone en tro. tJ.on of the ermlsJ.fJ.er. 
A Slnple nct~1oc1 of ultrasonic c.lulsJ.fJ.co.tl.on 1.s c1cscrJ.bcd wh1..ch 
enabled the appl1cn t1.on of 11rolonsod }crJ.oC.:s of 1.rrad1.o. t1.on. 
Sono of the phys1c~l charactcrJ.GtJ.cG of the constJ..tuent pho.scs 
of these cuul.oJ.ono ucrc dctcrmJ.nccl. The o.ppDrent densJ.ty of 
every systcn ~<as found to be less than the co.lculo.tcd density. 
So .. w of the systcrlS conto.J.nccl non-sphcrJ.co.l partJ.cles and the 
nunbcrs J.ncrco.scc1 •.r1.th J.ncrco.scct clJ.spcrsc phnsc ro.t1.o. ThlS 
suggcots that the part1clcs arc c1J.stortcc1 by local1sod close 
pucl~J.ng clurJ.ng the soliclJ.fJ.co..tion stabc of the c:.luls.l.fJ.cD.tJ.on 
process. 
Em.!lsJ.on droplets have an 1nterfac1al f1l11 of fJ.Jute 
tllJ.ckncss w1th prOJJOrtJ.es C'lfforcnt frou the constltucnt phnscs. 
Theoc propertles o.rc probably influenced by the presence of 
lrJpUrltlcs o.nC. for thlG rc~1son uatcr1als of coru.lCrClal grades 
of purl ty arc enploycd 1n tluo J.nvec tlgc. t1on. Conccn tra ted 
cnuls1ons cxh1bi t couplcx or non-:UcHtonJ.o.n flm.v bohavJ.our. 1.Lhcrc 
is only quo.lJ.to.tlve o.grcerJent on the lC!plled rclat1onsh1p bchlce,1 
the dJ..sporsc phase part1clc s1ze 2..41d the flo\1 bchavJ..our of an 
C!.lUlsJ.on systcn. 
Flmv bchavJ.our \•ID.S r:1cn..surcd us1n(i o. Fcrrn.ntJ.-Shirloy cone-
and-plate Vlscometer. Eoct of the flo•r curves of the er:mls1on 
systeJ:ls cxhlbltec'. hystcres1s. The dm·m curves ';ere fJ. t tcd in 
a nu,obcr of cases by the '</J.llJ.amson cquo.tlon of pseudoplastJ.c 
(ih) 
flO\< but noac 'Jerc fltt,od by tl'o so-called structure equntlon 
of ShancraH, Gr1.n Oi.H1 IIattoclcs. UslnG an lntc.cnt1.vc I:-J.cthod of 
least squares tlw ,/llllaJ:tson equatlon consta,1ts ;;ore calculated 
for the systcus under J.nvostJ.GD..tl.on. 
Forltulc:tl.on factor,::, ar...; sho•1n to J.nflucncc the pa.rt1.clc 
s1.zc o.nd the flov-r bchuv1.our of the cw.ulsion systcrm, 1.n po..rt:Lcul.:tr 
the dJ.spcrsc ~hc.ac rat1.o .::.nd the conccntro..tJ.on of the enuls1.f1.cr. 
D1ffcrenccs bctuocn othcrH:::L.Sc SJ.I.tllar syotcns appca.r to be duo 
to the no.turc of the cuulslflcr. T!1e a..aoL1o..ly bct\Jccn &p.i.)3.rcnt 
and calculated OL1uls1.on clcnsl.tJ..cs 1.s shOHll to be cons1.stc11t u1.th 
the presence of aa lntcrfaclal layer llhlch nay also account for 
non-sphcrlcnl pnrt1.clcs occur1.n::; 1.n s:rstcns of d1.spcrsc phase 
rat1.o \'lOll bclo\1 the thcorctlco.l closc-pccklns l1.nit. A Sl.tl::_Jlo 
comlldcratlon of floH lll tcrlls of 11ass transfer cnablecl a 
rcln.t1onshl:! bct,rccn thv Vl.Sco.s1ty nt J..nf1111te shear r~tos and 
pnrtlclo Slze pnranetcrs to be dcrlvcd. Tlus appears to be 
broad.ly cons1r:; tent. vrJ.. th the c:::pcrJ.ncnt.:ll dn tn. Alternatlvc 
thoor1cs o.rc cons1.dcrod n.nd part1clo s1.zo, o.nd dJ.strlbUtJ..on of 
Sl.ZO, arc shown to be ar1onc t!1o nont ll:lportnnt factors controllJ..ng 
the .flmt bchov1our of c ..... ulGlons. Souc possJ..blc fu turc 
lnvcstl--;ctlons of t~11s problcl:l nrc outl1ncd. 
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Cl!WTER ONE 
Gi::IlERAL INTRODUCTION ,\llD B \CKGilOUND TO THZ STUDY 
An emuls~on ls defined as q heterogeneous system consist~ng of at 
least one imnisc~ble llquid lntimately d~spersed ln another in the form 
of droplets, and ls prepared by applylng shear to the system in order to 
reduce the size of the d~spersed droplets. There are many characterlst~cs 
of an er.mlslon, e~h~ch d~ffer from those of its ~nd~v~dual const~ tuents. 
For exartiJle, m~xlng te~o l~quids \/hlch lndi vi dually exhibit sir,Jple or 
Ne~;tonian flow behRv~our 'Hll often result ~n a product with marked 
non-llewton~an propertles. It ~s also w~dely recogn~sed that applylng 
high shear rates to an emulslon product ~<lll lncrease lts VlScosity. 
However, the relatlonshlp whlch may exist between droplet SlZe on one 
hand and flow characterlStlcS on the other lS imperfectly understood at 
present and largely remalns at a qualltatlve level. 
Zrulslons occur >'idely lll lndustry, have a varlety of lndustrlal 
appllcatlons and often forn the des~red end-product of a process. 
Fanlliar examples are the edlble salad dresslngo and dairy products, 
cutt~ng oils, lnsectlcidal and pestlCldal products, rubber and polyMer 
latices, textlle Qlld paper flnishes, pollshes, Palnts and the various 
phGrmaceutical crea .. Js and lotlons. These exenplify the wide varlety of 
tyiJeS thGt can eXlst but it lS the iJharmaceutlcal er.mlslons which are of 
partlcular lnterest Slnce r~lny of then contain hlgh melting polnt fats 
or waxes so that the dlScJerse phase lS llqUl.d at elevated temperatures but 
solid at anbient conditlons. These preparatlons are true liquld-liquld 
errulslons at elevated temperatures when the two 1ohases are onxed and 
el'lulslfled but cool to solid-liquld dlspersions; they therefore corublne 
propertles associated 1nth emulsions and with suspenslons. To lllustrate 
the frequency of occurrence of this type of preparation, nlne of the twelve 
emulslons ln the 1963 Brltlsh Pharmaceutlcal Codex fall into thls category, 
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as do forty of the f1fty preparat1ons described in a cosmetic formulary 
issued 1n 1960 by the Atlas Powder Company. Inev1tably each industry 
has its own specialised requuer,Jents but materials as var1ed as rubber 
latices, some m1lk products and wax polishes could also be class1fied 
as solid·l~id d1spers1ons although they are usu~ll7 regarded 60 
emulsions 1n the w1dest sense, 
Industrially, practical problems occur at all stages during the 
developMent of an emuls1on product. For exaMple, the viscosity of a 
given forMulatlon may change following the translation of a nanufactur1ng 
process from a p1lot scale batch to a factory batch. Subtle changes 1n 
the state of the dispersed phase may also occur on storage and render 
a product unsatisfactory for use, Certa1n types of equ1pment or certain 
formulation features are recognised as yield1ng satisfactory products 
whereas others do not; the exact reasons are less clearly understood. 
This present study 1s concerned with the relationship between the 
droplet size and the flow behaviour of SlMple emuls1on systems such as 
are found in the pharMaceutical 1ndustry. This May not only lead to a 
better understanding of the factors that influence emulsion behaviour 
1n general but also indicate possible solut1ons to practical problems 
1;hich are applicable to other 1ndustr1al flelds. 
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CHAPTER Tl./0 
REVIE',/ OF THE LITZILTURE: THE PROPERTIES OF D!ULSIONS 
.,ND THE INFLUENCE OF P.,RTICLE SIZE 
2.1 Definit1on of emuls1ons, the1r preparat1on and theories of 
emuls1f1cation 
2.2 The properties of er.mls1ons 
2.3 The rheology of emulsions and methods of measurement 
2.4 The meaning of particle size and methods of measurement 
2.5 The influence of particle size on v1scosity of emuls1ons and 
suspens1ons 
2.6 Conclusions 
2.7 Lines of enqu1ry followed 1n this study. 
2.1 Defin1t1on of emulsions, the1r preparat1on and theories of 
e'1uls1f1cation 
2.1.1 Def1n1tions and terminology 
Becher (23) reviewed the defin1tions of an emuls1on and suggested 
the following as a bas1s for discussion:-
"J,n e<nulsion lS a heterogeneous system, consisting of at least 
one 1mmiscible l1qu1d intimntely d1spersed in another in the form 
of droplets, whose dianeters, 1n general, exceed 0.1 f'• Such 
systems possess a r.11n1mal stability, 11h1ch may be accentuated by 
such add1t1ves as surface act1ve agents, f1nely d1v1ded solids, 
etc. tf 
In th1s present Hork it 1s necessary to accept the quahficat1on 
suggested by ficLachlan (303), s1nce one phase can be solld at ambient 
temperatures .;lthough at the t1mc of enulslf1cat1on the tHo imr11scible 
phases are l1qu1d. Th1s Hlll be d1scussed later but Becher's definition 
1s snt1sfactory on r1ost counts. H1s lim1tat1on un the loHer size of 
the d1sperse phase partlcles 1s clearly not 1ntended to be anything other 
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than a broad generalisation, Indeed, Becher h~mself recognised th1.s 
s1.nce in a later section (p. 44) he stated that: "Emulsions are 
essentially unstable heterogeneous syste~s; they are partly dispersions, 
partly colloids"; the use of the term, collold, ~nferring sub-micron 
sizes, 
\fhen d~scuss1.ng emulsions lt is necessary to clearly dlstingu~sh 
each of the phases present. The phase present in the form of finely 
dlvided droplets is aalled the disperse phase; the phase forming the 
matrix ln which the droplets are suspended, the continuous phase. 
Slnce two lnlr>nsclble l~qu~ds are required to for11 an emulslon 
it lS generally understood to refer to oil and water; for th~s reason 
two dist~nct emulsion types can be shown to exist depending on whlch 
conponent lS the contlnuous phase, These are by convention o~l-in-water 
(oil the d~sperse phase) or water-in-oil (water the dlspcrse phase) 
emulsions, convenlently abureviated to o/w and w/o respectlvely. The 
terninolo[;Y lS often extended to systens in which the phases are not, 
strietly spealnng, either Oll or water and becomes 1.nexact when con-
Slder~ng mult1.ple er.mls1.ons. In this present work, conhned to a sol1.d 
"oil" phase dispersed ln an ::>.queous system, amblguity cannot arise and 
the o/w convent1.on will be retaJ.ned, 
.Uthough the systems under ~nvestlgatJ.on are stabillsed by surface 
actlve agents ~t lS not proposed to discuss these naterials in detail 
Slnce they are adequately dealt Wlth ln standard texts (157, 284, 391, 
392, 420, 513). .\ surface achve agent Wll] be Slmply defined as a 
substance whlch preferentlally nngrates to an interface between two 
phases, C•ther propertles of surface active a~:ents will be discussed 
where relevant to an understandlng of the propertles of emulslons or 
dlspero~ons. 
For out of olde feldes, as men seith, 
Cometh al this newe corn free yeer to yere; 
And out of olde bakes, in good feJ.th, 
Cometh al this newe science th:1t Men lcrc. 
Chaucer, G. 
The Parlewent of Foules, !• 22 (1380) 
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2.1.2 The preparation of emuls~ons 
Becher (23), Slli~ner (451) and others (143, 262) have rev~ewed 
the types and operation of emulsify~ng equ~pment currently ava~lable. 
The types can be classified into those which introduce one l~quid 
~nto another by means of or~fices, by high shear, by ultrasonic 
techn~ques or by s~mple agitation. 
(a) s~mule ag~tat~on 
D~rect m~x~ng of the h;o phases ~s often satisfactory for 
preparation of emulsions. The equipment ~s generally of the propeller-
type (373) or the paddle and wh~sk type w~dely used in the food 
industry. In many situat~ons s~mple m~xing is also used to prepare 
crude emulsions before final horoogenisat~on by a h~gh shear method. 
(b) IIigh shear methods 
These methods ~nclude the so-called collo~d m~lls in ;Jh~ch the 
d~spersion ~s sheared between a stator and high-speed rotors of var~ous 
des~gns. The rotor, revolv~ng at speeds from 1,000 to 20,000 r.p.~., 
fits closely to the stdtor face so that the eroulsion must pass through 
a gap as snail as 0.001 ~nch. The oppos~ng faces may be coropletely 
snooth or rou~hened by a ser~es of concentric or radial corregatcons. 
(c) Orif~ce ho~ogenisers 
In this type of enuls~fier the mixture to be emulsified 1S forced 
through a small or1f1ce under very high pressure. Hand operated 
homogenisers are used in the laboratory and are cla1roed (322) to be 
useful for the preparat1on of standard erouls1ons. Industrially such 
homogenisers are used with pu>:lps and have one or two stage valves 
arranged 1n tandero. .~ SlmjJle orifice homogeniser cons1sts of two 
hypodermic syringes connected by a double-hubbed needle, through 
wh1ch the liquids are passed back and forth. This type has a number 
of advantages for the preparation of small qu~ntit1es of emuls1ons 
under controlled condit1ons, Some of the factors involved when us1ng 
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a lo>~ pressure co.p~llary homogen~ser were ~nvestigated by Fox & 
Sh:mgr:J.w ( 115) , 
(d) Ultrason~c e~ulsif~ers 
Ultrasonic energy ~s o.pplied to enuls~on systems by means of 
p1ezo-electric or magnetostr~ct1ve devices, The magnetostr1ct~ve 
transducers overcome the diff~culty of obta1ning large piezo crystals, 
thereby enabl~ng appl1cat1on on a larger scale, The best-known example 
of an 1ndustr1al ultrasonic enuls~f~er uses the pr~nciple of the organ 
p~pe, the so-called Pohl'lan 11hquid >rhwtle'' (263). 
2.1.3 Theories of ecauls1bcation 
All enuls1ficat~on eq~~pnent employs a means of ~nereasing the 
shear or applying cavito.t~on to a systen ~n turbulent flow, Accordingly 
it ~s neoessary to cons~der the fragnentat~on of l1quid droplets under a 
shear flo>~, and the b~eak-up of l~qu~d Jets. Sir Geoffrey Taylor, ~n h~s 
classical invcst~gat~ons ~nto the fornat~on of emuls~ons in def1nable 
f~elds of flo>r, showed clearly that under shear a droplet undergoes 
distortion, elong3.tes into thread-l~ke filanents o.nd subsequently 
breaks up ~nto s.~aller dro]llets -( 460, 461). The following figu:roe ~s 
typ~cal of a drop break1ng up under shear stress, 
2 3 4 5 
The break-up of a droplet under ~ncreas~ng rates 
of shed!' C371) 
Rumscheidt & Jlason (371) emphasised the fact that simple b~nary 
breakage d~d not always otcur so that the breakage node and, therefore, the 
size distribution of the daughter droplets are the result of a random 
pro~s, 
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Thus, ~t ,rould seem unl~kely that any emulsification process will 
produce a monosize d~s~erse phase and, indeed, a range of particle s~zes 
must occur. 
Stamm (447) suggested that the method of preparation was a primary 
factor in determ~n~ng er.mls~on d~spersancy. However, Clay (63) appears 
to be the first to have drm;n attent~on to another factor ~nfluencing 
the state of dlspersion, the gro>rth of part~cles ~n an emulsion. In a 
thorough ~nvestication of the factors ~nvolved in the genes~s of an 
emulsaon size distribution Clay sho>red that part~cles could coalesce by 
e~ther direct impaction ~n turbulent flo>r or by cohesive forces of the 
type later d~scussed by Cockbaan (65). Vermeulen et~· (383) correlated 
average droplet s~ze >r~th stirr~ng speed, geo~etry of the vessel and 
physical properbes utllisu1g th~s principle. Church & Shillnar 
(62, 418, 419) demonstrated the coalescence effect, and evaluated 
various emulsify~ng ~:1chines. RaJagopal (340) proposed a hydrodynam~c 
nechanism for the dasrupt~on of the anterface between two liqu~ds leading 
to the basic formation of the d~sperse phase droplets. Valentas et al. 
(469, 470) ~nveshgated the theoretical aspects of the breakage and 
coalescence and proposed a uathematical model. 
It lS therefore surpr~sing to fand in the literature statements 
sueh as that of Jtirgen--Lohn:1nn (202) who claimed that his laboratory 
horoogen~ser would prepare essent~ally mono-d~sperse emuls~ons. ifartynov 
(268) showed that a hmtlng droplet sazc 1-ras achieved after a long period 
of st~rring, an implicit recogn~hon of an equilibrium between the rate 
of breakage and coalescence, HUttig (190 1 191) recognised that ~n grind~ng 
or emulsification an equil~brau~ was produced wh~ch was independent of 
the ~n~tial particle size. Rodger et al. (364) related the ~nterfacial 
area of droplets formed by turbulent fluld notion with equipnent s~ze. 
s~milarly, Coekton & • \'ynn (68) evaluated emulsify~ng equapment and 
emulsifyang agents by determ~n~ng the nlli~ber of droplets a u~t volume of 
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oil hOld been broken into, l'iarshall & 'faTlQt" (264) compared the 
ermlsify~ng efflc~ency of a number of machines by assessment of the 
part~cle s~ze d~str~but~on of the d~sperse phase. 
It is generally agreed that emulsification proeesses will yield a 
product w~th a spread of particle s~zes, Th~s was noted by Clayton 8 
horse (64) cmd extensHely confirr1ed (62, 331, 348, 393, 418, 448, 449). 
2.1.4 Electrostatic emuls~fication 
Although ~t has been sho;m that the naJority of emulsiflcation 
methods yield a spread of droplet sizes, a method which could produce a 
substantially monos~ze product would have a considerable advantage fro,, 
the invest~gational standpo1nt. This resulted in the suggest1on by 
Nawab & f.ason (304) of electrostatic enulsificeltion for experinentetl 
purposes. 
lfuen a h1gh electrical votential is applied to certain liqu1ds 
eonta1ned 1n a glass tube end1ng in a capillary, the liquid 1ssues 
from the capillcry 1n the forn of threads and, under certain condit~ons, 
as a highly dispersed aerosol cons~st~ng of drops of relatively un~for•> 
s1ze. The format~on of threads, apparently discovered by George Hathias 
Bose ~n 1745, 11as invest~e;atcd further by Bur ton & 'hegand (50), 
Zoleny (520 - 522) smd l'lacky (523). Vonnegut & Neubauer (307, 493) 
produced streO\ns of un1forn droplets about 0.1 rm diameter w1 th potentla:Cs 
of 5 - 10 kv, a.c or d.c. \hth liqu~ds of low electncal conductivity 
issuing fron a pos~tivcly charged capillary r.10no-disperse aerosols with 
particle radii of l f or less >~ere obtained, Drozin (97) reported that 
non-polar organ~c l~quids 'nth snall eleetr~c constants could not be 
d~spersed, However, Nawab & i'lnson (304) found that a t:~etal capillary 
enabled a wide variety of non-polar liquids to be d~spersed. The technique 
>Jas cla~Med to have mny advantap;es for preparing eMuls~ons for research 
purposes, 
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Denier, in a French patent (86) ~ssued some n~ne years prior to 
Nawab & Hason (lee_. c~t.) 1 cla~ned an emuls~fication process ~n wh~ch 
oil was passed throuGh hollow needles under a 30 - 200 kv potential; 
this device does not appear to have been exploited con"ercially. 
Sane groups of workers, notably those associated 1-nth H~guchi 
(179, 241) appear to have accepted !Jawab • Hason's method uncrihcnlly. 
lvachtel & La Mer (494, 495) stated frankly that ~t did not work and 
produced charged oil aerosols by means of a s~ncla~r-La ller generator •. 
'Iheee were d~spersed in the aqueous phase. T'le result~ng emulsions were 
claimed to be nono-d~sperse although the evidence for th~s claim must 
be v~e1-1ed with caut~on. The method also produces a thoroughly aerated 
product or foam, a d~sadvantage for most investigational purposes. 
!!endr~cks (171) and Ryce (375) have cont~nued these ~nvestlgations. 
Llndblad r, Sehne~der (346) proposed an altc:.-na t~ ve method ~n which a steel 
capillary tube ~s tapped lofl th a transducer to set up instab~lit~es ~n the 
liquid stream, and produced drops down to 50 p ~n d~ameter. The main 
problem when prepar~ng an emulsion is that of d~spersing the droplets in 
the e ontinuous phase. ;::xper~.'Jentally thls has been confirmed by other 
workers ~n the held, notably Sw~ft & Fnedlander (455). Electrostatic 
emulsifleatlon is not 9.t ;'res8nt Q.. useful cxper1wental technique for 
prepar~ng rwno-slze emulsions although thls nnc;-1-tt offer a top~c for 
btE~r invcstigJ.tion. 
2.1.5 Ultrasonie er:mlsificahon 
uswg piezo-crystals osc~llating at 300,000 cycles/sec \load & 
Loomis (517) were the flrst to shm; that stable emuls~ons could be forMed 
when ultrasonlc waves passed across an o~l/water ~nterface although 
Rlchards (345) eonsidered that the action of enulsification >Jas mainly 
at the walls of the contaln~ng vessel. Hogowsk~ & Stlllner (365) sho11ed 
that the appearance of a paraffin Oll/water emuls~on depended upon the 
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presence of air as a third COI.1ponent. Later, S!Jllner & Bondy (31, 32 1 445) 
demonstrated that the flechanism Has due to cavitation of d~ssolved gas 
bubbles 1n the system, part~cles of d1sperse phase be~ng disrupted when the 
cavities collapsed, a !act eoofirm&d by Kruger (229). 
t1orozov (389) stah11lsed paraff~n oil droplets without the use of 
surface active ~~ents, Bondy & SBllner (31) hav~ng earlier suggested that 
d1ssolved gases could also act as stab1l1sers. Freundlich & Gillings 
(118) used ultrasonics for degass1ng hqu1ds. ·merbach (11) extended tins 
observation by suggest1ng that ermlsif~cat~on could be achieved by punping 
two l1quids through a ventur1 tube, ir.1prov1ng st!ibllity by :1dding surface 
act1ve agents. He further sug3ested that high speed impellers also produced 
emuls1fication by a cav1tat1on process, a suggestion wh1ch seems reasonable 
follo>~ing section 2.1.2. 
Beal & Skauen (22) lnveshr;ated the effects of ultrasomc lrradiahon 
of an emulsion by a p1ezo-electric qu"rtz crystal generator and found 
there ;ms a Marked tendency to cause coagulat1on on prolonged exposure. 
S1ng~ser & Beal (433) evaluated two other ultras0n1c devices, the 
Pohlmarb 1'liqu1d wh~stle" device noted earl1er and a bariuM ti tanate 
tank-type transducer. The for'Iler 1 known as the tlin~sonic or Rapisonic 
honogeniser, revie•·•ed by M=sho.ll (262) and hcCarthy (295), >las extrer.wly 
efficient (155). 'I'he tank-type transducer was less efficient and 
required gentle stirring to keep the emuls1on components ~n contact. 
Ostroski & Stambaugh (318) also cons1dered ultrasomc polymer 
emulsificat1on to be an 11aprovement over other emuls~fication procedures 
although no s~ze analyoes were provided 1n support of this. 
RaJagopal (335 1 336) studied the particle size d1str~butions of 
emulsions prepared by ultrason~c et1ulsification and showed that they 
were of the same order (~l p) as those obta~ned ~n colloid r11lls. He 
also demonstrated that the effect of cont1nued irrad1ation >~as to 
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~ncre~se the ~ean size of the particles and to broaden the s~ze 
d~stribution, presumo.bly due to codlescence follow~ng droplet collisions. 
The s2tu"'tion ~s probably even nore co~plex. For example, hll~nson 
found (4, 5) that there was a d~screrancy between theory and practice 
when cons~der~ng the particle size, espec~ally with snaller p3.rhcles. 
He suggested that this was due to pulsabon of globules which defor~ed 
to an ellipsoidal shape but d~d not d~srupt. 
Fron a cons~deration of the 11ork referred to in the foregoing 
section it was proposed to utilise ultrason~c irrad~ation to broaden 
the shape of the size d~stribut~on ~n emuls~ons prepared by simple .nixing. 
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2.2 The properties of eMulslons 
2.2.1 The lnterfnce 
S1nce an enulsion is a t';o-phase systeM the nature of the 1nterface 
and adsorbed naterlsls h~ve s considerable lnfluence upon lts behaviour. 
Hatschek (163) speculated on the presence of an adsorbed layer :>t 
the interface and the effect of the thickness of thls layer on the 
viscoslty of the dlspersion. Later S1bree (424, 425) found he had to 
lncrease the allowance for an adsorbed layer, and sug~ested the presence 
of a hydrated layer of er.'ulsifler. Sheppard (400) reported that erulsion 
stabillty VJas favoured by the presence of 1nterfacial fllMs. The 
existence of the lnterfacial f1lr1 and its iMportance ln stabilislng 
enuls1on systens has been conf1rned by others (52, 77, 78, 93, 113, 213, 
216, 255, 258, 316, 360). 
SoMe properties of the lnterfaclal fllrn forMlng between aqueous 
sodiurt oleate solution and various Olls 1-1ere lnvestlgated by Serr:1llach 1!-
Jones (396) who later (397) made quantitatlve reasurenents on the strength 
of lnterfaclal fllms by pulllng a platlnum ring through the Oll/l;ater 
lnterface. Shotton & '''lute ( 421, 422) and !1Unzel & Zwlcky (292) e'<tended 
these 1nvestigatlons to paraffln or ollve oil enulslfied ;ti th acacia or 
a nu~ber of surface act1ve agents. 
,\ccephng for the !'10nent the pOlnt nsde by Osipo;J ~ ~· (316) that 
the lnterfacial filrJ cloes enst and that lt is the princlple energy barrier 
to the coalescence of ernuls1on droplets, it is useful to enquire 1nto the 
nature of the flln and its thickness. 
Stamm (447) and Flscher & Harkins (113) concluded that an expanded 
mono,,olecular layer of soap >Ias formed which ln time co'ldensed to a 
r1gld condensed layer. 
Kln@ (213), consubl'ti.Dg stab1hsed eraulSlons, felt that the strength 
and coMpactness of the filn VJere the nost important factors favour1ng 
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stability, a conclusion supported by others (238, 458, 459), The 
lnvestigations of Schulman and co-11orkers using rJOno"lolecular filns 
spread on the Lancnuir balance provlded quJntitatlvc evldence (388). 
\later-insoluble materlals 11ere spread on solutlons of surface actlve 
abents and it was noted that some of the substrate solute penetrated 
lnto the monolayer, SchulMan & Frlend (389, 390) found that a deflnite 
MOlecular coMplex was forc1ed between the insoluble material of the 
nonolayer and the penetrating r.JOlccules. \lhen this occurred the conplex 
fllm withstood greater pressure than either component alone. Pllpel 
(326) later sh011ed Lh:1t interactlon, and hence some sort of conplex 
formation, occurred between water and any thlrd coMponent norMally 
regarded as an enulslfylng agent. Delgado (85) used X-ray r.1ethods to 
investlgate the structure of the interfacial e"lulslon fllns found Wlth 
ollve and soya bean Olls and shm1ed thel'J to be of a complex llpoprotein 
nature. The signiflcance of the lnterfacial coMplexes for emulslon 
formation was clarlficd by the work of Schulf.1an & Cockbaln (388) who 
reasoned that lf conplexes could forn at alr-water interfaces they could 
also forn at o/w interfaces. They concluded that the condltions for 
m-;xir1um stablh ty of a o/w eroulslon were sa tisfled lf the lnterfacial 
filn was charged, ILlS completely covered Wlth charged noleculcs and IHS 
stable enou[;h to kceiJ the lnterfaclo.l tenslon at a nininun. The packinc; 
at an lnterface was found to be densest when a dlstlnct complex filn 
was forned. Nixtures of surf1<ce active agents evidently for'll complexes 
and nuch of the confuslon arparent ln the early literature nay well hJve 
been due to the presence of trace quantltles of inpurity which co101plexed 
11ith one or nore of the C0'1jlonents (for exanple, free fatty o.elds and 
long-chaln alcohols ln Olls fron natural sources). Alexander (1, 2) 
polnted out that adsorptlon o.nd desorption of stablllser lS much slmmr 
than wculd be predi~ted from diffuslon conslderatlons and this ln itself lS 
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indicat~on of complex fornat~on or ster~c h~ndrance at the interface. 
The v~scosities of ~nterfac~al f~lms have been ~easured directly. 
Using h~ghly punfled ,1atcr~als Cockbain & l1cMullen (66) found that 
there was no evidence of enhanced vis cos~ ty due to r,wlecular ~nteraction 
between an~on~c, cat~on~c or non-lonic detergents a~d o~l-soluble surface 
act~ve naterials. Dav~es L l1ayers (84), using an lnterfacial v~sconeter, 
found a very hi(l,h ~nterfac~al viscosity of a rnxed fllm of adsorbed sodium 
lauryl sulphate and cetyl alcohol. Us~ng essentially the sane apparatus 
as Dav~es & 11ayers, Carless & Hallworth (52) were unable to conf~rr.1 this 
result w~th purif~ed sod~um lauryl sulphate, in agreement with Cockba~n 
& Hci1ullen, 'tut found an extrcnely rig:Ld ~nterface Wlth an impure surface 
active agent and octadecanol. These concluslons all suggest that purified 
materials May yield d~ffcrent results from the less pure co~neroial 
products. Accord~ngly Lhe nater~als selected ln this present lnvesti-
g:>t~on were taken from cocar.Jerclal sources to ensure that the results had 
soMe relevance to ~ndustr~al products. 
2.2,2 The th~ckness of the lntcrfacial f~lM 
It was suggested in 1957 that max~nuM stability was obtained ~f 
equinolecular coneentrat1ons of surface o.etive agent were present J.n 
the Oll and water phases a~d s~tcd at the ~nterface (238, 274, 283), 
preferably (283) above its cnhcal n~celle concentratlon (CHC). It 
follows that the ~nterfac~al f~lM 1ust have a f~nite thickness. Hatschek 
(lac. cit.) included a factor for che thlckness of this layer without 
glvinr> d~mens~ons. van e'er 1/aarclen ( 479) concluded that dur~ng flow of 
emulslons all oil droplets, irrespeetive of size, behave as if they were 
enveloped by a ripd layer of 30- 35 ~ thlckness. van den Te!'lpel (476), 
lnvestigating the dlstance betl<een cnulslfied droplets upon coalescence, 
found that the droplets Here ah1ays separated by a water fllm of at least 
lOO ~ thickness. Thls filM was reduced ln thickness by the presence of 
- 15 -
electrolytes but the results suggested that other repulsive forces of 
a steric nature were operative at distancec. beti-Jeen interfaces of less 
than 125 ~. This observation is cons~stcnt with the suggest1on of 
Sherman (410) that adsorption of the emulsifying agent occurs at the 
water-o~l ~nterfnce, result~ng ~n the ctevelov·1ent of Y-JOlyr.olecular 
layers "hen the surface act~ve agent concentration ~s in excess of its 
c~;c. He also postulated that the d~sperse phase parhcles nay be linked 
together by orientated r.ult~layers of er·mls~fier ~n concentrnted emulsions. 
However, experimental invest~gations of the dinens~ons of the 
1nterfacial f1~ indicate thicknesses sometimes in excess of those 
suggested above, Kremner & Soskin (227) obtained values 111 the range 
of 0.01- 0,024 p (lOO- 240 ~). F1~rovsk1Y&Futran (110 1 lll) found 
the effect1vo thH:kness of e:mls~f1er layer in the presence of 0.1% 
sodmn oleate to be 0,25 - 0.3 {'• incrcas1ng to 0.5 - 0.55 r with 0.82% 
sod~un oleate. From geometrical cons1derat~ons l1artynov (269) deduced 
that the th1ekness of a gelahn f1lm around hept:me droplets was bot•<eon 
0.106 and 0,108 {'• RaJagopal (334) calculated that an 1nterfacial 
f1ln up to lOO J1 thick could account for the 1ncreased v1scosity of s1o.ll 
droplets, with a f1ln th1ckness of up to 2000 2 for larger s1zes. 
Shot ton & \ilnte ( 423) deduced that the flln 1n their o.cc,c1a-stabilised 
systems w~s elastic and up to 0.1 p th1ck. In the subsequent discuss1on 
of this paper Janus ment1oned g~lat1n films of up to 0.17 r th1ckness 
>1h1ch he suggested were highly hydrated. Shernan, 1n the s:me d1scuss1on, 
also gives exo.mplcs of mono::;lyceride-nilk protein conplexcs of 0.3 p 
th1ckness, 
Cormentin(; on theoreticetl approaches to the flow bchav1our of 
suspensions of spherical partlcles, !looney & Herncnat (286) found that 
1t 11as necessary to 1nclude a factor for an increase of hydrodynan1c 
volune due to the presence of ~ adsorbed letyer, the nature of wh1ch was 
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not specified. Saunders (379) had to make the sane correction when 
measur~ng the rheolog~cal propert~es of nonod~sperse latex systems. 
;llntnore (507) found that a layer of dispersing agent of at least 
100 - 200 ~ 11~s necessny to prevent coagulation of polymethyl 
ncthacrylate spheres suspended ~n aqueous solutions, the th~ckness 
1ncreas~ng for soaller part~cles, 
It must therefore be concluded that ~n most emulsion systems 
there ~s a rigid (or a~aost so) film about lOO R th1ck at the oil-
water 1nterfacc wh~ch can ~n sane cases make a s~gnificant contr~bution 
to the behaviour of the enuls1ons, 
2.2.3 The r~g2d1ty of emuls~on droplets 
EMulsions are generally regarded as suspensions of dcfornable 
liquld droplets. '"my people have found ~t neeessary to take into 
consideration the Vlscosity of the internal oil phase, the lnterfacial 
film merely transmittinG t=sentlal stress from one phase to another, 
However, th1s view appears, ln practlce, to be unreal~stic. In 1927 
Bond (29) showed th-:tt fluid spheres should rise at a velocity 1~ tines 
that of a sol~d sphere of the same dia~eter and density accordlng to 
Stokes' Law, Bond~ Newton (30) showed exper~mentally that drops and 
bubbles belOh' a eerta1n critical size behaved llke r~gid spheres. 
Riehardson (347) ~nd 3roughton r Squ~res (43) concluded fron v1scosity 
data on stable emulslons that the particles were smctll enough to beh,we 
as ngid spheres, Taylor (460) showed theoretically that cuculahon 
patterns would be c1etectable ins~de a fluid droplet and thls has been 
~onfirmed by Mason and his eo-workers (20), However, Hason (273) al.so 
reported that the presence of an interfac1al f~ln lnduced by impurlties 
or added surfqce act~ve agents ~nstantly stops internal clrculation. 
Thus, when an interfacial film 1s present droplets behave as r1cid 
spheres (&pP'pare tne sign~flcanee of H1purities on the interfacial f~ln, 
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noted ~n Section 2,2,1), Naw:>b & l'iclson (305) 1 investigahng the viscos~ty 
of dilute e'1Ulsions, found that the bchav~our of some systems could be 
satlsfactor~ly expla~ned ~f ~ntern3.l circulation existed. Hany of their 
systems, however, behaved llke suspensions of rlg~d spheres. Levlton & 
Leighton (242) found that Taylor's work could be extended to the viscos~ty 
of emulsions of m~lk fat ~n ski~ nilk. On the other hand, Shernan (405), 
lnvestlgating concentrated enuls~ons of varlous types, concluded that the 
viscoslty of the 1.nternal ph3.se was of no sign~f~cance in most C3.ses, 
Sherman (410) Slli<marlzed the situation by pointing out that if 
emulsion droplets do bch~vo as r~g~d spheres, the viscosity (and 
constitutlon) of the ~nternal phase does not requ~re consideration. 
Thus, equ~tions developed for the flow propert~es of solid suspensions of 
spheric:ll P"rt~cles in liquld ncdia (of ;1hlch there are many) should also 
be applicable to e1mlsions. 
2.2.4 The shape of e~ulsion particles 
Taylor (460) showed that above a certaln s~ze liqu~d spher~cal droplets 
would deform under shear. Sw~ft & Friedland0r (455) calculated from 
Taylor's results that 1 p droplets of Unlty 0~1 (paraff~n oil)' would only 
6 -1 deforn fron spher~city at R shear r:tte in excess of 10 seo. , con-
eluding th<lt the drops rena~ncd sphericRl for all practic<1l purposes, 
The lmpliei t assUJ·lptlon that the dlspersc phase p<lrt~cles of an 
emulsion are spher~cal droplets h~s been a convenient starting point for 
qany lnvestigat~ons of er.JUlsion syster's, such as those of Ie11rence & 
Nills (237). Thls assumphon is not always JUstif~ed. Axon, in the 
discussion to his paper (14) suggested that emulsions contain~ng 
cetylalcohol (slm~lar to those investigated in the current work) tended 
to have a crystalline appe~rance if the ratio of cetylalcohol to llquid 
par<lffin was greater than 8 : 5, "~nsor (513), describine an emulsion 
as a dlspersion of spherical droplets of one isotropic liquld in another, 
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extended the def1nit1on to 1nclude a dispers1on of an 1sotropic liquid 
1n a l1quid crystal, or v1ce versa, and noted that the equilibrium form 
of the droplets may not al11ays be sphencal. Ph1pps (324), lnvestlgatwe; 
the supercooling behaviour of d1spersions of hydrocarbons of h1gh 
nolecular we1ght, found that the particles were sometimes sl1ghtly 
irregular in shape, whereas glycer1de part1cles were usually unlforr,Jly 
sphencal, S1milarly Simpson & Cavanagh (431) reported that some of 
thelr nltrocellulose lacquer emulsion part1cles had a wrinkled appearance 
owing to the rigid nature of the interfac1al f1lms. Schulman & Cockba1n 
(388) noted that the water envelopes ln w/o emulsions were frequently 
irregular. 
Hartynov (271) pointed out that a non-spherical surface may have a 
lm;er surface energy than a spher1cal surface enclosing an equ 1l volume 
and found that a dodecahedron has a lower energy than spheres of 
equivalent volume below about -6 10 cm radius. f~ alternat1ve explanation 
1s requ1red to explain the presence of larger polyhedra 1n concentrated 
emuls1ons. This appears to be provided 1n terms of the ·'polyhedral 
drop foal:le", or honeycorJbs, descnbed by llanegold (256) in unstable 
close-packed en,ulslons \•'l th dlsperse phase ratios 1n excess of 0. 7'+, the 
theoretical lim1t1ng value for close packing rig1d spheres of equal 
diameter. L1ssant (247) extended th1s 1dea to a considerat1on of the 
geometrical shapes produced by close pack1ng of 1n1t1ally spherical l1qu1d 
drops 1n very concentrated systems. 
2.2.5 The s1ze of emuls1on droplets 
From hydrodynamic eonsiderat1ons such as those of Taylor (46o) 
1t 11ould be ant1c1pated that there 11a.s an upper llmit to the s1ze of an 
emulsion droplet 11hich lS 1mposed by the flo11 pattern around 1t, a 
conclus1on drawn by Troesch (466) and confirmed by Hinze (185a). Both 
these authors gave theoret1eal formulae for the max1mum slze likely to 
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be encountered under a SJ.Ven set of cond~tions. Kaufman (203a) 0xtended 
these observ3hons and sho 1ed that there are t•1o hydrodynam~c regions. 
from R 2000 - 17,600 and 18,000- 53,000, 11h~ch yield different values 
e 
for particle s~ze of various o~ls in water. 
There ~s hoHever some difficulty Hhen cons~der~ng the lower limit 
of particle size wh~ch could be encountered ~n an emulsion system. 
Part of this difficulty ~s plnlosor;lncal ~n nature and ~s ir.•posed by, 
for example, the def~nltion of Becher (23) noted in 2.1.1. To overcome 
th~s diff~culty it is necessary to agree with the views of Sennett & 
Ol~vier (395) ~ho dieousccd this pree~se point. They po~nt8d out that 
the class~cal, and to some extent current, def~n~tJ.on of the colloJ.dal 
state lS in terms of' size alone; a lo11er llmi t of 10 - 50 R and an 
upper of 0.1 - 0.2 V being generally accepted. The upper limit is 
arbltrary, as lS Becher's lo•·:er llmlt for emuls~ons, J.n that J.t ;n.s 
chosen to coinclde Flth the sr.1allest part~cles vislble ~;ith the light 
m~croscope. D~spers~ons smaller tlum about 1.0 p are generally considered 
to be sols and those in excess of thls value, suspensJ.ons. '·lhere:1s tho38 
terms arc useful for co:wcyJ.ng an J.dea of the parhcle size, emulsJ.ons 
and suspensions can exhibit eolloJ.d propert~es and should be so treated. 
l1any of the propertJ.es assoc~ated with colloids such as Bro>mian 
movement, diffusion retos and li~ht scatterlng phenomena ?re asGociat~d 
with partlclc size. Other factors such as rheology and stab~lity arc a 
function of the nature Pnd the extent of the surface or fluid ~nterfacc. 
The s~ze of colloid~l partJ.cles ~s therefore largely an J.ncidcntal 
quality except ~nsofar ~s it affects the degree to which th& surface 
forees ar~ wanifested. There is therefore no reason why an emuls~on 
part~cle should not bo sroall enough to be eonsidered a colloid lll 
classical terminology. 
',Jhat then is the s-,allest parhcle sJ.ze wh~ch is likely to be 
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encountered in an emuls~on eyste-:t? Th<> ultJ.oate l~mitat~on uas discussed 
by GogoberJ.dze (128) ln terms of the dJ spersed phase vapour pressure. 
The hmitJ.ng vapour presnure of a curved surface from the GJ.bbs-Kelvin 
Lau J.s that of the atnospherJ.c pressure, and the lJ.r.ntJ.ng size of a 'Jatcr 
droplet 11as shmrn to be of the order of l0-8 LeuJ.s (244) and other3 
(112, 159, 160) related surface tensJ.on and droplet radJ.us of curvature. 
Cassel (55), dJ.scussJ.n~ ther"odynariJ.C adsorptJ.on on to curv~d surfaces, 
dcr~ved an expressJ.on sunlar to that of GJ.bbs-KelvJ.n and pro,Josed the 
idea that errulm.ons are only stable J.f the J.nterfacJ.al densJ. ty of the 
emuls~fyJ.nS fJ.lr1 J.s gre:>ter for larger drops than for those of smaller 
curvature, sue:gestinc that srnRll part:!.eles 1 .re:::-e ur..l::::...kcly to cxl.Gt. :-ro.ieYc;r, 
l'Jartynov (269) shm1ed that, because the surface tension of a droplet 
1.nereascs vrhen the rad1.us decreases, the vapour pressure of Si1all dro~Jlets 
r.mst be r;reater than that calculated fron the KelvJ.n equ:ttJ.on. A lJ.'cely 
-6 -8 lJ.rntJ.nc; value J.S therefore between 10 and 10 er.J radJ.us. Althoug!1 
these relat~onshJ.ps apply to spherJ.eal partJ.cles, J..e., curved s~rfaces, 
'ilalton (51) reported that the Gibbs-KelvJ.n equahon can be apphed to 
polyhedral particles, 
From a practieal stzmdpoint J.t should be poJ.nted out that emulsJ.on 
droplet s~zes uell belo\l Becher's lJ.nit of 0.1 p have been reported ~n t'le 
literature. Droplet dJ.arieters ln the tr~nsp~rent e~ulsions investJ.bated 
by Bowcott f, Sehulman (33) '<ere of the order of lOO - 500 l\, DlulsJ.ons 
prepared by van der 'laarden ( 479) had dianeters varyJ.nt; bet~<een 250 :hld 
900 ~. KJ.yana et al. (217, 218) reported [nrtJ.cle sJ.zes ln ranges be;;.:een 
80 and 200 l'Jl• fJ.ndJ.ng up to 30ij w/w below 80 jl)l in some ~nstanees. 
Lueas (251) found that rubber latex parhcles were generally beloH 0.1 Jl• 
and ehylocncrons have a sJ.ze range extendJ.nt; do•dn to 150 ~ (26). 
Schoenholz & l\J.mball (383) showed that bnght-drying wax polish emulsJ.ons 
had particles J.n the rant;e of 0.05 - 0.1 Jl• the partlcle size decreasing 
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if the emulsifier/11ax rab_o 11as lncrcased. 
2.2.6 Electrical effects at the Oll/water lnterface 
Although evldence for the existence of an lnterfaclal film has 
been reviewed lt lS also necessary to conslder the presence of an 
electrical charge on the oil droplet lnterface. The existence of a 
surface charge was recognised by Lewls (244) and can arise by lOnisatlon, 
adsorption or frlctional contact. The dlstlnction between ionlsatlon 
and adsorption becomes blurred when dlscusslng emulslons stablllsed 
by lOnisable surface actlve agents. Although there lS llttle experlmental 
evidence, Becher (23) consldered it likely that the charge on non-lonlc 
emulsions arises from frlctlonal contact between the dlsperse phase and 
contlnuous medlum. AS a rule of thumb measurement, the charge at the 
particle interface \ll th a cationic emulslfler lS posl tl ve and Wl th an 
anlonlC eMulslfler, negatlve. Nevertheless, as recoglllsed by ~el~holtz 
and modlfled by others, the layer of charges at the lnterface must be 
balanced by others of opposite slgn. Stern (450) postulated that the 
layer ;;as ln two parts: one, a.Jproxlmately one lOn ln thlckness, remains 
fixed to the interfacial surface. In thls layer, therefore, there is 
a sharp drop in potentlal. The second layer extends some dlstance lnto the 
llquid disperse phnse and lS dlffuse, Wlth a gradual fall off in 
potentlal lnto the bulk of the liquld. The potential at the she~ plane, 
the so-called zeta potential, can be measured by electrophoretlc 
techniques whlch, in themselves, provide good evidence for the presence 
and magnitude of the interfaclal charge. van den Tempel (475) reported 
~ experimental determination of the Stern layer potential and 
de"onstrated that it \1as lowered by an lncreased salt concentratlon. The 
nagnitude of the chc>re;e has conslderable lnfluence on aggregatlon and this 
observatlon lS l11portant ~<hen consldering the use of the Coulter Counter. 
The charge clearly prevents partlcles of like charge approachlng closely 
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and, although an exact quantitatlve treatwent has proved dlfficult, 
Vervey & Overbeek (486), preceded by Derjaguln (87), analysed the 
problen of the lnteraction of two double layers. They showed that the 
total lnteractlon between droplets lS the sm1 of the repulslve 
electrostatic force 2~'1d the attraCtlVe Van der \'/aals forces, These 
latter forces, de,oendcnt on the polarisabllity of the nolecules 
conprlsing the droplet,' are only effective over a short distance 
whereas the electrostatic repulslon has a nuch longer range effect. A 
nodern picture of the situ~tlon taken fron one of van den Tempel's 
recent paper& (478) lS as follows:-
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Fig. 2.2 Showlng ho11 interaction energy depends on <ilstance 
between dlspersed partlcles 
A shallow IJinHlun ln the potential energy curve is generally 
present at partlcle separatlons of the order of several tlmes 10-6 c>1; 
this lS called the "'secondary111'1ini'mn to dlstinguish it fron the prunry 
nininUB of the potentlal energy where the dlstance between the partlclcs 
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~s of ator1ic dinens~ons. The depth and po&~t~on of the secondary 
ri~nl'num are tleter nncd by the types of forces operat~ng between the 
part~cles. The attractlon, dete:r"lined by the depth of thls rilnir.mn, 
results 1n revers1ble 0g:=;resc.t1on 1.vhe.co ~art1cles 1n an aggreg3.te 
are stlll separ:>ted by 2 tlnn layer of the contlnuous phase, and can 
clearly affect tl,c viscoslty of the duoperslon, 
2.2.7 Coales~~~s~~~tlon and flocculatlon in caulsions 
Although er.1uls1ons c.rc lnhct'ently ther~,1ody.:tn3.,r1J.Cally unstoble 
syste'ls they can be ''stabilised". 
The subJect of ecwlslon stabllity h's been revlewed by Becher (2o), 
Garrett (121) and Griffln (143) ar.10ngst others. Instablhty lS 
characterised by droplets coalesclng lnto blgger droplets untll, 
ult1mately, the e!lulsJ.on h,?,s sepetrJ..tcd completely 1nto two 1)h::tses vnth 
a rinlnun lnterfaclal area bet,;cen then. Durl:lg the coalescence process 
two partlcles 1.mst cor.1e sufl'lciently close for the1c. to cohere, the two 
lnterfaclal filns aust ru"Jture and the two Oll droplets co.Jbine to ford 
a single entlty, a process studied by Cockbaln & ucRoberts (67) and 
liJ.ll & Knlght (185). Brown e Hanson (44) revlewed coalescence durlng 
extractlon procedures, and drew attentlon to the forriation of secondary 
clroplets dur1ng t:1e coalescence process. 
Partlcl0s ney grm1 blgger by c olllsion-induced coalescence but there 
1s another growth ~)rocess b;r d1.ffusJ. ve ag1ng. This was cons1dered 111 
detail by ""l,ovdel ~ Kr%nev (341) and Higuchl (177, 178). The process lS 
obvlously de~Jendcnt upon the dlffuslon coefflclent of the solute in the 
cont2nuous phase. In the ca3e of insoluble non-polar materials such as 
paraffln Oll it is clearly very low but for the volnt~le Materials such 
as benzene or dlbutylphthalate on Fhlch the theory has been tested thco 
dlffuslon coefficJ.ent lS <men hlgher, 'l.'lns ':Jechanlsn lS e'llphaslsed 
because solid dlsperse phase enulslons cannot coalesce ln the sane way 
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as liquid-l:!.qu~d systems. The only ~<ay the po.rtlcle slze distribut~on 
can ChPnge, therefore, is by 0. <Jiffusion procesS Wh~Ch ~n the present 
case must be very slow. 
The difference between flocculat~on and aggreg"3.t~on must be 
considered to be ono of dezree, the former be~ng at long interpclrticle 
dlstanco& (secondary rJlnlmrn) and the latter being due to van der \/aals 
and London forces. Hence floccules are much •,10re readlly broken up by 
shear forces (341f), It see~s llkely that flocculclt~on ~s, in fact, the 
ln~t~al stc1ge of "'Ct"enn~nc'', the pnrt~cles being drmm together by 
Brownian movement unt~l they are more tlghtly packed ~nto aggregates. 
It could be argued tho.t ertuls~on syster1s, espec~ally those sho~<ing 
non-Newton1.an flou behavJ.our, are already flocculated, the measure.11ent 
of Vl.scosJ.ty at lov1 she2.r retcs being an 1nd1rect ME":lsureuent of the 
strength of the hnks ~nvol ved 1.n the forna hon of floccules ( 487, 452) • 
. ,xon (13) .naintalned lhet the effect of the e.1uls~f~er 1-JJ.S simply to 
cause a d~fference ln the aggrego.ted state of the globules. The ldea 
has been eXiJlorod by Shernan ( 410), and ~nvestie;ated ~n deta~l for k:wl1.n 
suspensions by Mlchaels 8 3olser (280, 231). 
lhma & Kitt:L1ori (282) reported thnt o~l droplets stabllised with 
acac1a \.,rere flocculatcd even in dilute concentr:ttJ.ons. The phenoFlenon 
•1as revers~ble cmd re.1chcd equll~br~um floc s~ze d~stribution rapldly. 
The floccul2tlon co_Jended on the drop concentratlon, the s1.ze 
dlstributlon uf the prlf1ary dro:olets c•nd the :J.r·wunt of salts present. 
~s mlght be antlcipatco from the above conslderat~on, 3. relatlonshlp 
\10.S found between flOC··SlZe c'nd the ef1UlSlOn stablli ty, 
2.2.8 Solid-hr~uid dlSperbions 
hentlon of solid-liquid dlsperslons hco.s been r1aoe prevlously. It 
lS the tern preferred by Phlpps (324) to distingulsh them from true 
e•,mlsions, or liquld-llqUld dlspersions. Dlscusslng emulslons stablllsed 
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by sohds, Vcrwey (484) pointed out that emulsions sbblhsed by surface 
active agent.> tend to become more stable as the 1.nterfaclal properties 
of the dlspersed droplet approach those of a sohd. !)any emulslons in 
modern formularlcs end pharmQCOpOelas Qre, strictly speaklng, solid-liquid 
dlsperslons. The formulae often contaln hlgh neltine point fats 2nd 
W'lxes such as the long-chaln fatty alcohols or paraffln 'mxes whlch 
solidify the ull phase, thereby prcventlng the droplets from coalesc1ng, 
Such preparations 11QY still flocculato, ctggregate and "cream'' but those 
propert1es arc revcrs1blo 1nd may be slowed by lncreasing the Vlscosity 
of the continuous phase or add2~g suitable surface active agents. 
Hc\'lcv::r, the fundamental stud.J.cs of such systens dre rclatJ.vcly fe\v at 
present, Phipps (;toe, clt.) studled the supcrcoohng of sohd-liqm.d 
d1spers;1.0n systcLlS such o.s elycerldes and hlgher parafflns and later 
(325) reported the n~clcatlon beh.ov1our of such systens. The only 
strictly fund:uncntc-l stucy lns been tlnt of Holhngshead, Johnson 2, Pcthica 
(183) >ho lnvcsbg:J.ted the clectrophoretlc r.IOblllty of octQdeco.nol 
dispersions in HJ.tcr as a funct1on of pH, salt concentrat1on and 
temperature. vcm dr.n Tempel ( 477) pubhshod a theoretlcal account of the 
mechanical properties of tr1glycer1de part1cles dlspersed 1n vegetable 
oils but th1s is outs1de the scope of the present enquiry. Vol'fenzon 
(492) 1nvostirpt2d o w/o ,;ystem ln '"hlch tho Oll ph::tse wo.s sohd1flcd 
w1th hlgh r.1elt2ng po1nt •<axes but th1.s too is not str1ctly relevant. 
Gr1ff1n (143) glVos an account of the practlcal aspects of solld-lcquid 
dlsperslons but lS ma1nly e<1plrical in h1s approach. 
Hm1ever 1 other solld-ll<;.Ul.d dlspersions are also consldered as 
ermlsions ln practice, Bltu:,Jens (464), rubber latex (251, 474), wax 
pollshes (383) and polymer enuls1ons (157, 449) have all received attent1on. 
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2.3 The rheology of cmulslono and methods of measurerc.ent 
2. 3.1 Ne11tonum and non-Ne11tonlan flow 
Vlscosity lS deflned as the tangentlal shearing force per unlt area 
that Vllll produce a unl t velocl ty gradient, l. e. , 
where -fls the she?.!' stress (dynes/em2 ) and bv the ro.te of she:J.r ln 
-1 br 
sec. ; the ::_Jro~ort1onal1ty constant 7 1s the coeff1c1ent of V1scos1t~r 
( -1 -1) ln polse:o dl,,enslons JJ, T • A plot of stress vs straln (rate of 
shear) for a i:Tmvtonian materl3.l is therefore l1near, po.ss1ng thrOUGh 
che origin, ;llth slope = ? , as shmm ln Fig. 2.3 (a). Concentrated 
dlsperslons do not obey thls sinple Ncwtonlan relatlonshlp. Chelracterlstle 
forns of the stress-straln curve are shovm ln Flg. 2.3 (a) as follo,;s:-
(a) BEF)l..om flmv (J'lastlc flow) 
'The flow curve lS llnear but does not pass through the orl(Cln, 
the lnterccpt on the stress aXlS belng known as the yleld polnt. Tius 
lS consldered (2G5) to result TO.lnly fron a net1wrk of floccules whlch 
requ1res a def1n1tc 0he~r1ng stress before 1t can begin to move. Such 
materi~ls are rare. 
(b) Pseudoplastle ~ 
Unllke Blnghcm bodles the flo•; dlagramc of pseudoplastic materlals 
show no yield v1lue but pass through the origln. The curve lS non-
llnear and the vu;eosity lS not constant at different rates of shear. 
J;aterlals characterised by this type of flo•1 are conr.wn and 1t is generally 
considered to be due to allgnment of partlcles resulting ln continuous 
:;ohase being squeezed out at hlgh shear so that the syste':ls are sometii"es 
ealled "shear (rate) thlnning" (265). 
rate of 
shear 
rate of 
shear 
·' 
shear~ng stress 
Fig 2.1 (a) TYPES OF FLOW CURVE 
/ 
shear~ng stress 
Fig 2.1 (b) FORMS OF HYSTERESIS LOOP OBSERVED 
a. Dilatant material 
b. Bingham body 
c. Upcurve loop shown by 1~ aqueous bentonite 
,. 
..... 
/ 
~ 1iewtonian 
d. Loop and spur shown by 2% aqueous carboxymethy~cellulose 
- 27 -
(c) Dilatant flow 
Dilab.nt 'l"tcr1als exlnb1t an 1ncrease 1n res1sb.nce to flm; vnth 
1ncrcasing sheC~r rate, l,e,, "shear thlckening". It ls demonstrated ln 
concentrated suspcns1ons 1 esp8Clrtlly 1nth laree nu"Ibers of very f1ne 
l)artlcles wh1c;1 "re deflocculated but t1ghtly packed. It lS probably 
due to the inl tlal cxp:msion of a tlghtly packed bed ;~h1ch rJUst fust 
take place before nove:oent under stress C3n occur, Becher (23) 
observed that th1s behav1our lS apparently rare in ermls1ons. 
2.3.2 Th1xotropy 
Green (141) descr1bed the hystcresls loop occaslonally observed 1n 
the flow d1 ~gr£>m of no'l-Newto'n "l.n 'laterl::tls "l.S th1xotropy. Thus the 
curve of str3.ln vs strc.ss obtained by pro::;ress~vely 2..ncreas~ng the stress 
does not co~nc1do when the .strcos is 8'ro.dually decre3sed, as shown D1 
F1g. 2.3 (b). I'ho hysteres1s loop results from a progressive breakdmm 
of a gol-l1kc structure under stress Gnd 1s so~et1ncs descrlbed as a 
revcrs1ble 1sothen ,al sol-gel transforr.l'ltlon. It is a dynaruc process 
and there seens little doubt that th~ Vlscos1ty rclationshlpS for 
thixotropic rntcr1als c.hould be plotted on a three dunensional ans vnth 
ord1nates of stress, stra1n and t1oe, Green (lee. cit.) discusses 
v::trlous means of giv1ns a quant1tat1vc cxpress1on to thixotropy, the 
r.1cst Lwoured of Hhich lS tlce 3.re:1 of the hysteresis loop (332, 333). 
now ever ln 1947 Carver & Vllll ''"zer (54) descr1bed "- concentric cyl1ndcr 
v~sconcter 11h~ch could be maoo to suddenly rot,,te at a constdnt speed. 
The photogr::tphlc tr:1ces of t1nc vs force for an alum1n1um soap solut~on 
~n petroleum ;)reduced a cha.r::1.cter1stlc Pl'1.XJ.mum Just after rotatlon wee 
commenced, From these tr.:cces Jt was deduced that the naterial had 
'' cross bonded stract\-rc 11hich w::ts p:ll'tlally dPstroyed under shear. 
van Vlazer et al. ( Lf8l), ~n cc textbook discussed this phenonenon in a 
qualitative fash1on, The follow~ng diagram is taken from their book to 
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show the type of re~resentat~on w~ch it is felt is more realistic, 
if a Method of neasure'1ent could be found:-
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A COLlpl~ tc flow curve for a rhcopectic pseud aplastic 
l~quid nt a g~ven tcroperature and hydrost~c pressure (1+81) 
Cheng (58, 59) J.nvestigatcd the phenomenolo(llco.l characterisation 
of th~ rheological behaviour and presented a Mathcmo.tical defJ.nition of 
th~xotropy, 
2,3.3 Eguat~ons for the charactorisqt~on of non-Nevrton~an flm1 
In order to treat and ~nvest~gate non-Net;tonian flat; ~t is des~rc.blo 
to be able to reduce the flot; curves to nathematJ.c::>.l terr.Js, 
It is likely that a concentrated ermlsJ.on system can be rego.rded as 
coMpletely flocculatcd at r2st. As shear forces increase the system is 
progressively broken dovm ~nto s~aller and snaller floccules until 
ultJ.m:J.tely, at an inhnJ.te rate of shear, the prunry partJ.cles of the 
system arc behav~nc as J.ndivJ.dual entJ.ties. ~t each poJ.nt on the up-
curve the floccul~ s1ze, the nu~ber of particles constitutJ.ng the 
flocculos and the ;'roportlon of continuous Jlhase locked ac1ay J n the centre 
of the floccule ~ust vary. The down-curve is drawn after the floccule GJ.ze 
h..1s been reduced to a c1lnJ.mum and should be ar.Jenable to mathematical 
treatr.Jent sioc<: r.Jany of the varJ.ables have been overcome, the system 
behaving ~s lf it lS constituted of J.ndJ.VJ.dual partJ.cles. 
The Vlscosity at J.nf1n1te shear rates is relevant to direct 
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particle-particle inte,._·cb_ons and will be influenced by the partl.clc 
size distributlon, It l.S difficult to define J.nfl.m. tc shectr r::ttes and 
attenpto et dir;oct me::tsurc!'leat might :1lso involve bre::>kage of the 
primary partJ.cles. The Vl.scosity at J.nfinl.t8 shear rates roqul.ras to 
be calcul <toO. by e::trapolction of d1to. obt'lined 9t lovwr shear r:ltes 
usinG the do\ln-ct·rvc .:t.D 2 represent1.t1.ve pseudoplnstic curve . 
.;. nu11b r of e,.1pl.rlCl.l equo.tions and several with a theoretic'l.l 
bnsl.s h :ve be~n ;JrO.;>oscd to describe non-Newtonwn flow, Shangraw (398) 
0X::tmi:.cd the appll.c::>bl.lity ~f these to sever::tl sets of shear-stress d't:l 
:1nd con~lucJ"d thot the 'lilli~noon ec:·Ptl.on (510) provided the best fit o. 
ex,Jerl.,ental and theoretical d 1t:1. This equ:1tion in linear forr.1 is 
written C'S:-
F = f + . (1) 
\'here b '-" t:1e slope of tlle tangent 1 f the intercept on the stresc ~~ 
1Xl.S 1 F is tho total shoring stress, S the r-:tt<' of she:1.r :md s io o. 
constant whJ.ch deterrnncs the dogr<oe of curv1tur•c. The constn..'1ts in 
this equ-'tion, f 1 s 2nd ?..o hc:ve physic::>l r.le'lnl.ng. Despite thG 
excellence of fl.t of tl-.0 :IJ.llia.lson equ3.tl.on Sheth (416) noted th~t 
there were soqc obJ"ctions, ilo.inly tho.t the asynptote to the curve 
appc:;~.red to be too f.:1r rc·10ved froq th.~ curve \lh&n cor,1parad V'ith actuc..l 
flo\1 curv~s. Sh::tnt;ril 1 2rl,J t, Eattvcks (399) nodJ.ficd 'lilllctl'lson 1 s 
equation :md prol1osecJ the so-called Structure Equation:-
7 = f + .s - bv €. -'ls (2) 
11here b = 3. coefficient of Vl.scoel::>stic re8istance :md a is a constant V 
to which the i'lrbl.trory value of 0.001 was assigned l.n order that v,'ll'10S 
-as 
Of € should have :1 USeful nagnJ.tude. Thl.S relationship W>S derived 
fro·1 a eonsidoration of d.'ta obto.in.:d WJ.th a suspension of sol:Ld 
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n'ltcr~als in aqueous wet1qlccllulose; its w~der applicability does not 
appear to have been 0xplor0d further than Sheth's lnvestlgatlon 
Cl££ . .£!i.) lnto corn Oll emulslons ln the sane vehicle. It Wlll 
therefore be necessary ~n thls present lnvestigatlon to determlne the 
applicability of both these equations. 
2.3.4 Theorles of or1ulsion structure 
Discusslng a ne1" method of measurlng tlnxotropy Goodeve r< Whitf~eld 
(131) adv2nccd the concept of friable lilli<s exlstlng between particles 
of a th~xotropic system; links which broke under shear and reformed ~n 
the steady state. Thls theory was developed more fully by Goodeve (129), 
non-Newtonian Vlscoslty beh:wiour being considered to consist of two 
pctrts, one Newtonlnn and the other attributed to lnterference between 
p'rticles nnd the formatlon of llnks. The partlcles were considered 
to be in layers so that when llnks were stretched and broken a serles 
of i>,'pulses (a transfer of momentum) occurred between statlonary o.nd 
noblle layers. The amount of each pulse w::>s shmm to be ~nversely 
proportlon::>l to the rate of shcmr and the nunbcr of lnpulses (per 
second) proportlonal to the rate of shear. The product, the total force 
due to the llnks, lS therefore independent of the shear rate. There were 
obvious d~fflculties Wlth this plcture, assuning flow to occur lU 
layers being one, and lt tikcs no account of the heterogenlclty of 
partlclc sizG. Goodeve VlS\V,llsed the presence of lu1ks of dlfferont 
length and strength but, e,gcin, no account of the ti"le factor 11as 
attempted. 
'lllllaMson (510) antlclrated sane of the features of Goodeve 's 
theory '>nd h:cs l)aper rnkes the flrst mention of flocculation as a 
contributory factor. As noted prevlously, C-,rver & van vlazer (54) found 
that they had ln pert a means of 'Jeasurins the breakage rate of the 
partlcles. van vlazcr et a:J,. (481) proposed an equOttlon for pseudoplo_stic 
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flm; based on thes<> cons~der<:bons end Cross (81) nodif~ed th~s equ:1t~o,1 
en the aosur.1pt~on that pseudoplnstic flow ~s o.ssociatcd with the 
forrHtion and rupture of structural linkages. This \HS o.lso an 
emp~rical equ_·t~on but rcsc"Jbles the theoreticcl one derived by 
Oldroyd (313). G~llesp~e (124, 125) re-ex2n~ned Goodeve's theory by 
calculating froCJ :unetic cons~derations the nur1ber of elenentary 
part~cles ~n o representctt~veaggregate.:!: a ~ven concentration and found 
the conc&pt useful, Cnc: other useful concept, (luc to G~~les-"JJ...C (126), 
wh~ch requ~res ment~on in that the enuls~ficr layer rmst enter into the 
J.nteract~on. s~nce tho d~stance of separat~on ~s small even w~th spherical 
part~clcs there r.mst be a definite Jrea of contact, not the point contacts 
v~sualiscd by Goodcve (~oc. cj!.). 
Reb~ndcr (199t) eon:ndcrcd th~:r;otropic strPctur ·s :md 
d~st~ngu~shcd between ~rrevers~blc condensat~on structures and those wh~ch 
.:-re perfectly rever.sJ.blo to form a thJ.xotropJ...c network. 
Takdno (1963) hccs olGo used a network r.10del ~n >Jh~ch parbcles 2re 
l~nkcd 'lt rando•-, by thcr~1al and L1echanic?.l l~nks. These Here dist~nguishcd 
~nto two typ0s ~n tho str1tionary st:1te: the pri'llary l~nks which c.re 
elongated 1nthout the scp-.rat~on of ne~ghbour~ng particles ~n 11n ~nst11nt, 
and the secondary lJnl<s, which are broken and roforned revero~bly in on 
~nst:1nt. He took ~ato cons~der'lt~on particle size 3-nd the ne= free energy 
of e1ctivation for brcak~n£ l~lLks to calculate the nunber of ~nterpnrticle 
llnks. The theory, appl~c;oblo for only very low she:1r rates ( <10 sec-1), 
Has explored by TO\kano & K'lMb e (1963) for suspens~ons of barwn sulpho.te 
1n o~ls • The v:>lue of this otherw~se ~nteresting o.ppro:J.ch 11 's dj.rnnishPd 
by a fa~lure to define po.rticle s~ze or d~str~bution of size. 
Var~ous qu.:cl~t:>t~ve ex-press~ons of the same theory kwe been 
published ~n recent years. Ford (114), 'hlhams (508, 509), !1oore (287), 
l1~tsumoto ( 275 - 278), 1Jol' fe<1::oon ( 492) o.nd Bu J:lke ( 47) h:>ve all 
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:z.ntcrpreted flow curvGs on emulsions and suspensions in terms of a 
neh10rk structure vath rcvurs:z.ble t:z.me dependent bonds. 
2 • .5.5 The mec>surerocnt of flow properties 
In rec·.:nt ye- J.~s the IT'ethods av-:1il~~ble for the nc.,surer.tcnt of 
viscosity and rcl~tcd flow propertJ.es hc>ve been reviewed extensively 
(265, 300, lf12, 1+81). 
(a) Types of visco,,eter 
l1cKennell (/t31) clo.sso.f:z.ed viscor1etcrs according to the type of 
physic 1l Mea,;urc•"cnt ell~Jloyed, the comnonest types being as follows:-
I H~asurement of the rate of flow :z.n n c~po.llcry or tube 
(Osb;ald) 
II The r~te of noto.on of o solid through the sq•oplc flu:z.d 
(Hoe)plcr) 
III Rotett:z.on~l v:z.scor.1eters 
(J.) Hec:sure·"cnt of t'18 torsion.cl couple on n suspended sol:z.d 
elerJCnt due to the vo.soou& force trc_nso::t:z.ttcd through the subJect medJ.tul 
by a second elc•JCnt :z.n ,1oto.on (e.g., co""tx:z.-:tl cylinder of Couettc type). 
(ii) i-lcasure11ent of the rotational velocity of 2 cyl:z.nder or 
simil= ele<·Ient im •. Jorsed o.n the fluo.d (e.g., Stormcr vo.scometer). 
(iii) 1\easurencnt of the react:z.on torque due to v:z.scous tr~ction 
on a solid elencnt rotct~nc ::>t a kn01m rete o.n the flu:z.d. The 
Fcrranti-Shirley nnd 1 'c1ssenbcrg conc-})1 '!te VJ.scomcters operate on thJ.s 
]lro.nc:z.ple, the rotqtinc; element being "1 d:z.sc 'd:Lth a sl:z.ghtly conical fnco. 
IV heosuren<Cnt of thCI dcnpircg of et vibr::tt:z.ng element :z.nnerscd :z.n 
the fluo.d. 
The Bendix Ultr,<v:z.scoson nectsures the decrenent of free vibrctt:z.ons 
of et reed osc:z.llot~ng ctt ultrasonic frequency in the longitudo.n~l node. 
(b) Selection of a viscometer for emulfl:z.on systems 
As discussed o.n ScctJ.ons 2.3.1 "tnd 2.3.2, e11ulsion systems, 
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cspeci3.lly '"hen concentruted, deroonstr"lte complex or non-Newtonio.n 
flow behaviour. The choice of VJ.scorneter l.S thus llnitcd by thls 
conslderation alone slnce r•:o.ny types such o.s the falling-sphere o.nd 
ultrasonic reed Vlscorooters a.·e not suitable for derJonstratlng 
pseudopb .. 3tlcity or thlxotropy. Cf the other types only the cone-plate 
Vlscometer provldce unl.:'Orll shec,:nng condl tions throughout the sanpl~. 
•.s noted by Shern:.:~ (412), the principal practic~l diso.dv:o.ntace of 
eaplllar lnstruwcnts is thelr unsultability for studylng the effect 
of tu1e of shear on Vlscosity at n.ny glvcn rate of sheilr, wd hysteresls 
effects, slnce the s-=ple ln the capillary lS changing all the time. 
These crltlclsms, thcnselvos sufficHmt to discount use of C'l.plllill'y 
lnstrwwnts, arc to some extent off-set by the fact th•t end-effects do 
not occur; there lS no 1•1eissenberc effect (due to norn::tl components of 
stress) .1nd there '1re no te,aper'.l.ture fluctuatlons or structure changes 
brought ::;.bout by shearln[':. Sherrnn' s lnvestigettlons ( 401 - 411) 110re, 
lnltietlly 3.t le.•st, ca.rrlcd out on caplll::1ry Vlsconctcrs, nRinly bec.1usc 
hlgher she= r~<tes cm be o.chlcved tho.n 'li th coo.xl.ll 1nstruments, thus 
cxtendlng nppllCO.tlon to <1 Wlder r=o;e of flow beh:\VlOur. 
The neo.surernent of viscos1ty ln a co::1xi~l cylinder instrument results 
in " torque belnt; trc.ns.ll tted throuGh the test s:o.ople to :J.n lnner or 
outer cylind:.;r. T.a2 r.:ttl] of shenr therefore varies fror1 a. m.._lximurn. at the 
rot:J.tlng cyllnder surfnce to a "linlMUrl et the surL1ce of the other 
cyllnder. nw race of shear gradlent cm be M1nloiscd by ::1 suit"ble 
deslgn in l;hlch the thlckne~os of the sanple l·tyer is sJ~all. The 
difflcultleS h-::.vc been descrlbed by hcKcnnell (481) who also discussed 
the influence of shellr lnduccd he:oting brought o.bout by sheo.r in the 
S'lflJ"le fluid. These conslderations resulted ln the development of 
cone-plo.tc lnstruments, typlfied by the Ferr:mtl-Shirley visconeter and the 
lf€1ssenbcrg rheogonJ onetcr. 
- J+ -
The essent~o.l ele11ents of the cone-plate viscometer are shown 
in the follm11n1 .. ----· 
I 
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Fi[>. 2.5 :c;le :ents of the cone-plate viscorteter (481) 
The cone, a, ~s o. sl~ghtly con~cal d~sc, the apex of which just 
touches the surface of the flat plate, b. T'ne sac1ple is contained ~n the 
narrm; G'-'P behrecn the cone and plate (the angle lj.r being exagcerated 
for clar~ ty). The cone ~s driven at a knovm speed and, in the case of 
the Ferr:1nti-Shirley ~nstrnment, the torque on the cone is neasured by 
rteans of a dyna~ometer. 0 Cone angles do;rn to 0.3 have been used, the 
srtaller anr;les be~ng preferable since end 'effects (~<in to end effects 
~n the coax~al cyl~ncier v~scoqeter) are reduced to negl~gible proport~ons. 
In addition, shear ~nduced heat ~s rapidly d~ssipated Q~d the volwne of 
sanple ~s extre •. 1cly sr all, as httle as 0.1 ml being requ~red. 
(c) !;ethods of rotat~ cone-plate Vl:OCOineters 
The '·le::ms by wh1ch the cone ~s rotated ~s uoporb.nt when considerine 
the applicat~on of a cone-plate viscometer, in particular the meanine of 
the results obta~ned fro~ ~t. 
Green (140) was the f~rst to point out that ~nveshgahons upon t~ne 
dependent flmr propert~cs such as th1xotropy requ~red viscosity neasure-
ments at sr10othly ~ncreo.s~nr; rates of shear. Green noted that the 
necessity of a gear cPange ~<h~lst increas~ng the rate of shear could 
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produce anoFJalous results for a thlxotroplc syster1, He therefore 
designed a concentrlc Vlscom&ter which HcKennel (298) critlcised but 
acknowlede;ed that t:1e drlve of the Ferranti-Shirley instrunent was 
designed wlth Green's co~1ents ln m1nd. 
In two current col!Jmerclc-l :o.nstruments of the cone-plate type 
('leissenberg rheogonlOlleter, Ecuke Rot:J.visko) the cone is driven throu:;h 
gears by a notor whereas 0:1 the Fern.nti lnstrurwnt the drive 1s by cm 
electronically controlled r•JOtor 1 provldlng cont1nuously varlable cone 
speeds up to 1000 r.p.,l, c11th this lnstruMent there is a flat load-
torque/speed char~ctorlst1c; that is, the cone speed is substant1ally 
independent of load changes due to varlatlons 1n viscoslty of the saMple 
under shear. There is therefore no necessity to stop the rotation of 
the cone ~<hllst chun::;1ng speed and the speed of rotution can be accurutely 
deternincd frora a l~otent~oneter. Gn the 1•1eJ.ssenberz J.nstrun,ent there arc 
snQll but flnite ste~s ln the cpeed r~n~e whil~t chanilnS gear and ln 
the HG.ake vJ.scometer tl1e ste}:Js QTC somewhat greater. 
To sur•l!lnrJ.se>, fro~, the foregoJ.nt; consJ.derJtions the optiP1UM type of 
design for the lnvestlgatlon of concentrated er.mls1ons would appear to be 
a shallow cone-plate VcSCOPleter, preferably one 1n which the cone speed 
lS lncreo.sed by a continuously varlable speed drive <llthout the steps 
associated ldi th the use of " ce<cr box. The only co!l1lrercial 1nstrUP1ent at 
present avallable 1;hich f1ts these critcrla 1s the Ferranti-Shirley cone-
plctte Vlsco,.,cter. This lnstru:1ent, crltlcally rev1e;,ed by Sl~ttery (437) 
zmd by w:m 'bzer et.~· (1·81) c1lthough not ldeal (176) appears to be 
better su1ted for mcasurlng flo1; properties than other lnstruments 
previously employed in this type of 1nvest1gation, 
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2.4 The riean~ng of part1c_lc size, and ncthods of Measurement 
2.4.1 Particle SlZe distribut~ 
In practice lt is rarely found th~t all the particles ln a systeQ 
under examination he~ve the same Slze parameter. Accordingly, SlZe 
measureMents on polydlsperse partlcle systems indlcate the probabillty 
that a glVen partlclo picked at r~~dom has a specified size. Thus the 
partlcle sizes reported for any 11aterial are associated >li th their 
frequency of occurrence; being the number of particles, or the weight 
greater or smaller than a stated size, or range of sizes. The purpose 
of a particle size r ·easurenent technique is to discover the true frequency 
distributlon of particle Slze, elther as a nunber distribution or a 
2.4.2 The forn of slze distrlbUtlon for eroulsion syster1s 
- ' 
Jelllnek (193) suggested that lt was unllkely that enulslons 
prepared by different r.wthods and with different '•materials would have 
slmilar l!lathematical forcJS of distnbution. Nevertheless, Herdan (172) 
noted that nany systems appeared to obey some standard forns of dis-
trlbution function such ns arithmetical or logarithnlc forQs of normal 
(Gausslan) distribution, or exponentlal distrlbUtlons of the Boltzmann 
Law type. 
The earliest attempt to der:cve a statistical function of this type 
was by Rossi (1933) who considered the mechanism of subdivision as a 
random process. Rossi 1 s :aoc'el had certaln deficicncles which Dobro~<sky 
(94), van den Tempel (474) and Leoerer (240) attempted to overcome. 
Jellinek (193), however, found that Rossi 1 s equation fitted experlmental 
data for homogenised bitunen except for the largest particles present. 
Troesch (466) applied statistical theory to the breakdown of droplets 
under turbulent flow condltlons, and deduced that the droplet size 
frequency followed a nornal Gnusslan d~strlbution. Brodnyan (42), 
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consic~r~ng enuls~on polymcr~sat~on 9roccsses, found that in some cases 
radi~ were distr~buted nornally although ~n other exar"ples a log nor"lal 
distribution occurred. 
However, a Ga.uss~an distr~but~on ~s absurd ~n mo.ny ways s~nce lt 
irrpl~es th:1t a fraction of the part1cles, even thouGh a small one, has 
to be expressed as having neg~t~ve diameters (449). Cooper (70, 71) 
found that the Rossi equation (vide supra) appeared to appJy only to the 
main dro~s in the emulsion. TI1e presence of small daughter droplets 
always means that the Sl~e o1str~bution lS skewed and th1s also applies 
to a Gaussian plot, However, e<plrically, one method of removing th~s 
ske;mess (that ~s, make the distr~bution more evenly spaced out) is to 
plot it as a funct~on of the logarlthm of the po.rticle size. Kottler 
(222), 1n 1952 rev1ewed the use of a logar~thmico-normal ~stribution 
and c1tes exanples back to 1924. Although Kottler's analys~s of the 
statist~cal ?Spect of the log nornal distr1but1on Has confined to 
photographlc er'ulslons, he denonstrated that ~f a distr~bution was not 
linear when plotted on log-probabllity paper ~t was an 1ndicat~on that 
the sample conta1ned at least two d~fferent populat~ons. 
Mugale & Evans (291) critically compared Rossln-Ram"ler and 
Nukiyawa-Tanasawa distributions with log-probability plots and showed 
that the first t\lo were largely unsatisfactory. lliey found thnt the 
log-probability equat1on predicted the general d1stribut~on trend 
correctly for noct data and gave good results for the nean d1ameter 
calculat1ons, lliese authors showed that the emuls1on data of Hark1ns & 
Beemnn (15,) and of Cooper (!2£. ~.) f~tted th~s presentation satls-
factorily despite the cxtrenely small s~ze of the emuls1on particles. 
Gwyn, Crosby 8e l'Jarshall (154) cons~ de red bias in particle size 
analyses resulting fro,J the use of a log normal distributlon. lfuny 
analyses ~nd~cate the existence of maximun size classes but the log normal 
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distr2bution is 2n fact lnfllllte 2n extent. Thus the results tend to be 
biased, an occurrence 2mpl2citly recogn2sed by Hugele & Evans. Gwyn ~ al, 
assumed that the sample was taken from a population with a true log 
normal distribut2on and adJusted the data for bias. Relevant to the 
results 2n this present 2nvestigat2on was the suggest2on that the 
analysis could be carried out lll h1o parts, a few part2cles being first 
counted to establ2sh the central portion of the d2str2but2on 1 and a 
larger number of part2cles falhng above, say, 5% of the total distrib-
ut2on based on the central port2on. As no,ed by Gwyn ~ ~., 2f a single 
d2str2but2on applles over the entire range of sizes the curve for the 
upper range will exactly, or very nearly, coincide with the extension 
of the curve for the central portion of the distribution. 
RaJagopal (~?) derived a r2gorous proof of the log norMal 
distr2but2on by considering the randot1ness due to violent breakup of 
the 2ntcrface during cav2tation, the forma-lion of daughter droplets, ~he 
disruptLon due to coll2s2ons and coalescence due to the same cause. The 
process was cons2dcrcd as a ?hrkoff ~ha2n and the eMpirical applicabil2ty 
of a log-probability law to e~uls2on part2cle size d2stribution was 
placed on a f2rm theoret2cal basis. 
Schwarz (393) 2ntroduced a so-called un2versal dlstr2bution law 
and this was later ampl2f2ed and confirmed in two papers by-Schwarz & 
Bezemer (25, 394). Hm1ever, th2s equation, der2ved on statistical 
grounds, 2s also a var2ation upon the log normal distr2but2on. From the 
data supplied by these authors the equat2on appears to be less universal 
in applicat2on than the2r claims suggest, and the law does not appear to 
have been applied by other workers. 
There are a num~er of aJvantages 2n ut2l2sing a d2stribution law of 
the log normal type to describe a part2cle s2ze d2str2but2on, as 
d2scussed by S•,2th ?, Jord= (440). Thus, on a number basis a particle 
- 39 -
sJ.ze dJ.stributicn l.S defined uniquely by two parameters, 11, the 
geoMetric Mean particle diameter, and er 1 the eeometric standard g 
devJ.ation. Both these para~et~rs can be readJ.ly obtaJ.ned by plotting 
the size dJ.strJ.butJ.on data as a cur,ulatl. ve undersize curve on log-
probabJ.ll.ty paper, a point 2-lso brought out by Koller (223). In 
establl.shl.ng lJ.ne of best fl.t Kottler pol.nted out that preference should 
be given to those pol.nts lyJ.ng closest to the ,;Jl.d-value of 50 cumulatJ.ve 
per cent. Due to the distortJ.on of the probabJ.lity axis the distance 
by whl.ch pol.nts are displaced from a straight lJ.ne becones increasingly 
sienl.ficant as one consJ.ders pol.nts progressJ.vely closer to the 5~; ~ark. 
For thJ.s reason some J.nvestisators such as Drinker & Hatch (96) fit the 
best line to those :;>OJ.nts FJ.thJ.n the 2cr: to 80,~ ll.mJ.ts, J.gnoring points 
outside these marks. 
Espenschel.d et al. (104) crJ.tJ.cised the use of log normal dl.s-
trJ.b'ltl.on functJ.ons obt,d"led fron l1.;:;ht scatter1.ng d::<ta. They suegested 
that this V/[ S a ne,/ cistrJ.butJ.on functl.O!l WJ.th different paraneters and 
physl.cal properties, and coJ.ned the tern zeroth-order logarJ.thml.c 
dJ.StributJ.on. However, Honig (189) yo1.nted out that the suggested 
distrJ.butJ.on functJ.on ~>as readily reduced to the usual log-normal 
dJ.strJ.bution f.mctJ.on and tlns 'las the only one which could be determl.ned 
experi~entally. 
One other ap~'roach deserved ment1.on Slnce the method of presenting 
the sJ.ze analysis l.S unJ.que, i3roadbent o, Callcott (39) suggested that a 
Sl.Ze analysis could be presented in the forM of a matrJ.x, leadl.ng to 
the deriv&tion of a single _smra,neter, the breakage function, ('1Y), whJ.ch 
was defined as the ;oroportJ.on of partJ.cles that "l.re broken during a 
grinding process. Thl.s ap~roach, developed J.n a serl.es of papers (40, 
41, 46) l.n the conte·ct of coal grindl.ng l.s J.nteresting although J.t does 
assume that the chance of breakage is the SaMe l.rrespective of the partJ.cle 
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s~ze. Further~ore, in ~ts suggested form ~t could not be applied to 
emulsion systems s~nce no account ~s taken of coalescence, a necessary 
feature of emulsif~cation processes, Nevertheless, the concept of 
presenting the s~ze analysis as a matr~x is an attractive mathematical 
model s~nce ~t is not necessary to assume any 11 law11 controlling the 
emuls~fication process and ~t r.Ji::;ht be poss~ble to derive a s~ngle 
parameter to descr~be any one distribut~on. .-rbiter & Harris (7) 
extended the concept to ~nclude a t~~e relationship in gr~nd~ng but 
the apjlroach does not ,-1lJpear to have been used ~n the context of 
emulsions and m~sht 'Je a fruitful approach for a future investigation. 
To summarise, there ~s considerable :.greement that a size d~str~­
bution folloHs a logar~thruc-normal distribution, be~ng character~sed by 
the mean s~,;e and the slope, or stand:1rd dev~at~on. Th~s distribution 
can be plotted on log-r•robab~l~ty paper and, although a rr,latively 
~nsens~t~ve method of present~ng results, ~t must be regarded as 
sat~sfactory when consider~ng such factors as SJ.ll'pl~ng error and 
repeatab~lity of a particulnr s~ze analytical method. 
2.4.3 ]'Jethods of parhcle s~ze analysis 
The Soc~ety for Analyhcal Chem~stry published in 1963 a 
class~f~cat~on of Jaethods for determining part~cle s~ze (376), This, 
supplemented by the standard textbooks on the subJect by Herdan (172), 
Orr ~ Dallavalle (315), Rose (367) and Cadlc (51) and re~iew art1clos such 
as that by Scarlett (381) are suffic~ent background. It ~s not therefore 
proposed to d~scuss the methods ~n general but rather select certain 
aspects for comment and deal Hith two methods, the Coulter Counter and 
the centr~fugal photosed~mentometer, ~n deta~l. 
(a) llicroscope measurement of el'lUlsion part~cles 
Host of the worl<: carried out on correlat~on of properties of 
emulsions to the part2cle size of the d~sperse phase has relied upon 
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optlcal microscop~ for the partlcle £lZe measurement (Table 2.2), 
The ~lcroscope has the advantage that lt is dlrect and lnexpensive but 
the ~easurements ln themselves may be extremely lengthy and tedious, 
Hountlng technl~ues for enulslons have been dlscussed and described 
by SimrJonlte (1f28), The er'lUl,non under exruunation must first be 
diluted before mounting ~nd various dllUtlon media have been proposed 
includlng aqueous celatln, acacla solutlon and dlluted polyols such as 
glycerol or propylene glycol (243). Various technlques have been 
described for examin1ng the part1cles and class1fy1ng 1nto s1ze groups, 
The slmplest form ut1l1sing a micrometer eyep1ece or cal1brated grat1eule 
has been 'ndely Pn;oloyed (115). Harklns t Beeman (158) used a proJection 
mleroseope, thereby reducinr, eye stra1n and lmproving the accuraey of the 
~ethod. Smith f Grinlinc (439) lntroduced a eounting technique uslng a 
haemocytometer sllde '"nd Coeldon 2- Wynn (68) lmproved thls by using a 
shallow Helber counting ch~mber. Lev:ws & Drom~ond (243) critlclsed 
the prev2ous pa_Jers end suc,scsted a cancra. lucida method v1hich thC>y 
found to be an lMprovenent over t:1e count1ng teehn1ques, Photographic 
methods were employed by, for ex~1ple, Cooper (70) who neasured the 
partlcle size frc'l :•rints. Photo"nerography of er.JUlsions is dlff1cult 
since part1cles J.n the micron range exhJ.bit Brown1an movement, necessi-
tatlng very short exposure hnes vlith subsequent loss of eontrast. 
The necessity of sLzing l:" . .r2e nunbcrs of particles to obtain 
meo.ningful resulcs has rccelvcd sor,Je attentlon, the ~ost serious attenpt 
being probably that of F:lschcr & Harkins (113) who counted 50,000 particles 
ln each of their systen.s. Ho1:ever 1 as dlscussed by Bechcr ( 23), 
statlstleally sivufic&nt counts caJJ be obtalned l•lth only 300 parhcles, 
·• count of 300 particles vnll result ln a cumulatlve dlstribution ln 
whlch the error at any vDlue Wlll be less than 8;6 (P = 0,95) and to 
lower this to 5% would rec;uire a count of 2960 parhcles. Kaye (205) 
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also d~scussed th~s po~nt and sho,;ed that errors ar~sing froM sampl~ng 
were such that a tenfold ~ncreasc in count only produced a slight 
increase of accuracy. 
Cooper (?O, 71) carried out the classical cr~tical evaluat~on 
of m~croscope s~z~ng methods for emuls~ons. He pointed out that 
photogr<J.ph~c "lethods 11ere l~Mited by the depth of focus since no lens 
is available which c,m ~ ve a clear imae;e of part~clcs of 1 p or less 
and yet heve a depth of focus of 20 p, the th~ckness of a haemocytoMeter 
cell. Direct visual count~ng, ~n Hh~ch the focus of the m~croscope co.n 
be !"ont~nually var~ed, wes found alHays to show a higher value for the 
number of particles in the smallest size range, ~onf~med by van Kreveld 
( 480). «S the parhele approaches the wavelength of the ~nc~dent l~ght 
the resultant halo makes est~at~on of the aetual particle ~ameter 
extrenely ~ff~cult so that siz~ng of particles beloH, Bay, 2 p cannot 
be •arr~ed out w~th lO<Y,j eff~c:t.enr~._ a point also conf~med by 
Saylor (380), Lucas (251) noting that rubber latt~ces ~onta~ned 
particles Hell bel~; 0,5 p, attempted to ~mprove the light mieroscopQ 
l;ly reduc=g the \lavelength of the radiahon to the ultrav~olet range 
cl\ = 2573 R). The technique was extremely dirr~cult since the source 
11as not stable. vcn den Teopel (4?4) showed from Lucas 's data that 
there was a cons~dereble number of part~cles present ~n h~s system below 
the v~sib~l~ty :Unut of 0.12 P• frobably MOre than 60% bang belO\' the 
limit. van den Tcwpel cons~dered the use of the l~ght m~croscope for 
sueh soall part~clcs to be .~eanmgless and !e;.voured the ultramicroscope 
wh~eh can be use cl to detect and count ;mrt~cles down to 0. 02 p diameter 
but is unable to d~fferentiate particle s~zes. 
~lthough Cooper showed that Microscope measurement of particles 
below 2 p was of l~mited value the method has continued to be used up to 
the present, K2ng (213) irnpl~ed tha~ mislead~ng r8sults were occasionally 
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obt>lned when correl~tlng emulsion stablllty Wlth particle sizes of 
0.5- l f dnmeter. Ycncechel (219) and Knoechel e, ,lurster (220), 
lnvestig,ting o/w e .. mlsion stetbillty, dlscussed the lnabllity of the 
microscope to tetke lnto accOQ~t sub-mlcron partlclcs, concluding:-
"The experiment:ol evidence lndlcatcs that the presencco of sub-visual 
particles could lead to unreliable vDlues for varlous diameters and 
interfacial areas durinp.; the period lll ''hlch runute globules coalesce 
to a vislble slze. 11 Thls concluslon \HS echoed by Sheruan (/!ll, 412) 
and he :;croposed that the only WJ.y out of thls dilemma was to allow '111 
the minute partlcles to co2leace until they could be neasured '1lcro-
scopically. The value of this suggestion for unstable systems may be 
doubted but the ide::t cl&arly cannot be applled to those whlch are stable 
or ln \lhlch the particles do not coe>lesce. Sherr1an polnted out ln the 
dlscussion to a paper (415) that subr:icroscopic partlcles "lre "co.ncellcd 
out" when deterr1inin,s a me2n sJ.ze. He mA.df~ a tent:1t~vc proposal for 
utllising a r<CciprocC\l nean diaMeter, thereby brlnglng out the H'lportance 
of submlcron particles ln ~ systen. The r:ethod of !'leasurement wets not 
roentioned although a microscope nethod h'ls been employed in all this 
nuthor's previous 11ork. 
Thus, even if on~ accepts Becher's deflnltlon of an emulsion 
(Sectl.on 2.1.1), J.nd hls QX'bitro.ry ll'lib.tlon to partlcles exceeding 
0.1 p. dl311cter, the accur:ocy of c1easurencnt of the smaller pnrticles and 
the assess11ent of the signlflcance of the results rc1ust at least reulaln 
suspect when USlng a Llicroscopic::~l uleasurlng technique. 
(b) The Electron Hicroscope 
The eJ.rly development of electron mcroscopy and lts appllcatlon to 
the inveshgation of natcrlals belo;J the ll.nits of llght Plicroscope 
discrimination wo.s revlewed by Anderson (6). ~lalton (502) and \!atson (503) 
revl.ewed the appllcahon of the instruMent to particle slze measurement 
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and descrJ.bed so.oe of the lJ.:"itations of the technique. The method 
has sone advantc1;;es C0"1pared WJ. th l1.ght scattering, sediment:nion and 
other nethods. In ;oartJ.cular the exact s1.ze dJ.stributJ.on can be 
determined and any peculJ.arJ.tics J.n shilpe observed duectly (482). 
',s noted by 1o:lton (loc:_. cJ.t.), r.taJor dJ.ffJ.culties are sm 'Pling and the 
effects of dry1.ng under vecuun. Local he~tJ.ng in the electron beam are 
often inportant when exar.nnJ.ng soft materials such as emulsJ.on partJ.cles. 
Cravath et al. (80) 1.mproved the samplJ.ng of suspensJ.ons by depositing 
sr.1all droplets of the suspension from a -:~ist (aerosol) onto a 
specu1en filn treated to pronote HettJ.ng. The entJ.re residue left 
by a sJ.ngle droplet could then be exa·,oined. NJ.xon & FJ.sher (312) used 
an Aerograph gun to produce droplets and dJ.spersed their material J.n 
bovine serun alburnn \lhJ.ch dried out to yield a transparent matrix 
support1.ng the partJ.cles. The basic technJ.que of Nixon & FJ.sher was 
later J.mproved by Craik \lho used a more concentrated c1lbum1.n solution 
and stained the protein \JJ. th osrnum to J.mprove contrast at the edges 
of the particles where t:1e r1atrix was thJ.ckest (Chapter Three). 
Other methods of supportlng suspensions for exa'1ination have been 
reported (8, 384). Soft polytJerJ.c naterlals Hhlch dJ.stort J.n vacuur,o 
have been hardened before ex:euinatJ.on by bromination (385), or cross--
lJ.nkine; w1.th hard polymers us1.ng h1.gh energy J.rrctdiatlon (34, 482). 
However, J.n gencr::cl the3e hardenJ.ng techniques h:we not been applJ.ed to 
the electron wicroscopy of lJ.quid-liquJ.d emulslon systems. Indeed, 
studJ.es of enulsions by this ,,ethod appear to have been confined to 
1-1ax dJ.spersJ.ons SJ.r.nlar to those of the present J.nvestJ.gation (383). 
PartJ.cle s1.ze an2lys1.s us1.ng the electron microscope requJ.res the 
'11easurer.oent of a largo nuruber (at least 3000) of partJ.cles by a 
photo(>r2phic raothod since the u1age J.s often not sufflciently stable 
for more than a few nnnutes. The problems nssociated 1-1ith this aspect 
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of the method were descr1.bed by Growl (82) who proposed a mechanical 
method for SlZlng fron photographlc plates. The alternatJ..ve approach 
of J..m:o.ge-shc:1nnr; proposed by Rippon (361) r1ay also offer a solution 
for future dcvelc\Jr1Cnt. 
HowcvGr, the use of electron •111.croscopy for measuring the partlcle 
slze of ermlsion particles below about 1 p dJ..arteter •;ould appear to be 
the only direct rnethod at present available. 
(c) Ultra~l.~-~s~ope and light scattering methods 
ilecent work on ultraricroscope cethods hc.s bc2n dev~ted to either 
count1.ng pnrtlcles 1.n a flow cell (319) or us1.ng a flow nethod to 
separate particle~ out :lccordJ..ng to their size and count1.ng ln a flow 
ultramicroscope (89, 90, 512). 
f'a.rtlcle s1.zcs cco.n also be me<tsured 1.n principle by optical methods 
depend1.ng on the weasureu1ent of the reduction of llght directly 
tr"msmi t ted through a dlspers:ton ( turbiduaetric or nephelometric methods) 
or by light scattered at some def:tn:tte angle (usually 90°) fron the 
li:;ht path. 
Krishnan (228) appears to have been one of the first workers to 
:tnvestigatc the l:t~t sc2ttering in d:tlute enuls:ton systcns and 
S:tng (432) shoV~ed that for small particles secondary scatter:tng could 
no longer be neglected. Tl1is author ut:tlised liie theory and the approacn 
w'l-s :tnvestlgatcd theoret:tcally by van der Hulst ( 472). Two reg:tons 
can be d:tst:tngu:tshed: for part:tcles below a':Jout lOO mp (Rayle:tgh 
scattering) and for ~articles :tn the ~icron range (Mie scatter:tng) 
(165, 197). The relationsh:tp between obscuro.hon of a beam of hght 
and the concentrat~on of pcrt:tcles :ts by no me:ms s:tmple, especially 
as the part~cles approach the uetvelength of the inc:tdent l:tght. The 
extinct:ton coeff:tcient K :ts def:tned as the ratio of l:tght obscured by 
a p=ticle to the light IJh:tch ~ t 11ould have obscured :tf the laws of 
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11eor.J.etr1c optics Here val~d for the system under conside::rat1on. If, 
for a g:LVen systen, the ratJ.o of the ;Jartlcle dlameter 'd' to the 
lnCldent wavelength,~, lS gree>ter than 100, the value of K lS constant 
and can be taken as unlty. For smaller ratios K becomes a complex 
function of d/,),.., the relettive refractlve lndex wlth respect to the1t 
of the supporhng '71ediw'' and the shape of the particle ( 472). Gump"'echt 
0
, Sliepcevich (152) consldered the problem and proposed a qu3.ntltcttlve 
rcl3.tionshlp bct"~een Lle theory and K which enabled tncn to obtcnn a 
size frequency dl.str1butJ on. The approach wa.s over-Sl.Plpllfied and 
does not appear to h"-v" gained wide etcceptance, 
Lothlan & Chappel (250) dlscussed the fractlonal loss of intenslty 
of a beam of l1ght passing through a layer of emulslon and showed that 
the opt1cal densl ty o£ a dllute suG;lension of spheres we1s a functlon 
of their partlcle SlZe. 
Goulden (133) used scattering cocff1cient data calculated by 
van der Hulst (loc. Clt,) to apply th1s equat1on to determin1ng the 
-- --
particle s1~e of emulslons and extended the method to controll1ng the 
parhcle size of ho,.JOgenised milks (134 - 138). However, the method 
can only yleld e mean partlcle size and although useful for control 
purposes cannot be enploycd for any other than a mono-dlsperse syste"J· 
rlfter strong critlClSi'lS of turbldlnetrlC methods by Skinner 8· 
Boas-Traube (435) an ll'lproved instrument W3.S descrlbed by Branson & 
Du~~lng (35). T~lS devlce was developed by Rose (367) who narrowed 
the angle of accept~nce to reduce forward scatterlng, and other 
lnvestigatlons ;rere carried out by K.-..ye (205) and Hodk1nson (186), 
The latter found that lue theory was not applicable to irregular 
particles and the value of the extlnction coefflcient (K) was found to 
rise slowly frorJ 0 - 2, an effect conf1rmed experlmentetlly with a 
nur1ber of materials. Kaye, and l:1ter Ka.ye ~ Allen (206), lnvestig::ttcd 
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the optical scc1tter1ng cross-sections of snall particles. Using ~<hitc 
light and a w1de angle of accc)tance they showed that the fluctuat1ons 
of K were much reduced under thc3C conditions and for many purposes 1t 
was sufflc1cnt to tcke 1t .:ts unity. \hthout the benefit of these 
lnvestlg,>tlons Bolton E< harshall (28) claimed that 11 s1mple turb1neter 
could be used to neasure wEx ~-·rtlcles do>~n to 0.06 p. This claio 
must be Vlewed with cauhcn. It lS not clee1r 1f the authors used wh1tc 
light but they found V9lucs for K as low as 0.04 for their smallest 
part1cles. 
Trice & Rodger ( 465) r,'e::tsurod lnterfaci'll are lS usin[! " lir;ht 
transnlSsion nothod Sllnlar to tlut used earller by Langlois et al. (236) 
for coarse, unstable enuls1or~. 
Reflectance rolationshlps for emulsions are, 1f anyth1ng, more 
complex. Th1s '''"" noted by Iloyd (248) 11ho 1ncorporated a red dye 1n 
the oil phase ond found that the reflectance at ;~avelengths at which 
the coloured interval phase part1ally absorbed the 1nc1dent light was 
1nversely proportional to a power of the surface =ea parhcle d1arneter. 
Th1s relat1onship ues cla1u2d to be 1ndependent of the part1cle size 
distribution. Schulman g. Fnend (384) :md vo:n der \laarden (479) both 
used the Rayleigh formula to calculate the meClll s1ze of very small 
droplets (up to 400 ~ diameter). L1 l'ior (234) investlgated monod1sporsc 
aerosols uGing the higher order Tyndtll spectra method, Heller et al. 
(166) verified experirwnblly tlnt !he theory was A-ppllcable to llght 
scatter1ng nethodc- and tc:tbulatcd the data rsqu1red to transform l1g,'1t 
scattering measv.renents 1nto part1cle size distnbuhons (451, 499, 500). 
,lthough 1nit1ally confined to relat1vely monodisperse polymer latices, 
-'allach ( 499) clai,12d th:J.t the cwthod was applicable to the study of 
size d1stribut1ons of d1mcthylnaphth:1lene >later emuls1ons. 
Gledhill (127), Wales (496) cmd \leber (504) have all descnbed 
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rtethods for r.1easur~ng particle size distributions by neasurenent of 
turbidity spectra us~ng sim1.lar L•ethods to Heller. La !!er & Plesner 
(235) described a rGJ~d Qethod of sizing a monod~sperse suspension by 
Qeasuring the lir)lt scatter~ng as a funct~on of the angle between the 
inc~dent bean and scattered li;",ht and the oethod was extended by 
De'felic & Kratonnl (91, 92). Kratohvil & '•/allace (226) re-examned 
the claJ.os nade by Heller & Tabibian (169) and by ',/ales (!££. £!!:.· ), 
and found thert unrel~able. 
To suonarisc, there ~s seneral agreenent that l~ght scatter~ng and 
turbid~ty rtethods can ~ve a 1easure of the nean partJ.cle size present 
~n a systen althouch there ~s some dis3.creement on the neans by wluch 
the size distr~but~on ccm be deter.~ined. s~<1pl~fied techniques, [,laking 
a nunber of assu:Jptl.On.3, have been appl~ed to deternin~ng part~cle size 
distr~butions by a co,.Jbination of sed~nentation rtethods and turbidity 
T11easurer.1ents. 
2.4.4 The C~ntrifugal Photosed1.1entometer 
(a) Centrifugal sizing techn1ryues 
.. ost eDstJ.ng sedJ.c1entation techniques for partJ.cle size analysJ.s 
have severe shortcornngs for part:ccles below about 10 P• Below this size 
partJ.cles sediLlent too sl01;ly for practJ.cal purposes. In addition, 
convection and displacenent currents as well as Brown1an uovePent all 
tend to disturb the sedlnentatJ.on process. One obv~ous 1;ay to incre::<se 
the settling r~te lS to centr1fuge the suspens~on. Orr & Dallavalle 
(315) described a nur;ber of centrifugal sedimentation techmques and other 
devices have been developed J.n recent years. 
The flrst atts, :pt to use a centrifuge to obtaln a size dJ.str~butJ.on 
was that of Du•1onsk1i, mbotJ.nsldi t Evseyev (98). Us~ng an ordinary 
centrifuge they deter1 nned the amount sedinented by ultrarncroscope 
counts before and after centrJ.fuging but obta~ned poor agreement with 
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the ultrrw1crosc ope rtethod. Svedberg & Pederson Ut 53) suggested that 
th1s was probably due to convect1on currents caused by ser1ous deviat1on 
fro,, 1deal sedimcntat1on cond1tions. -~s descr1bed 1n th1s book, 
Svedberg h1nself 11as intinately 1nvolved 1n the in1t1al developnent of 
the ultracentrifuce. 1>flth Nichols he developed a ccntr1fugal densito"leter, 
a two-ar11 centr1fuge 1n which the boundary of particles was observed by 
taking photographs at d1fferent sta~es of the -illalysis. N1chols ~ Liebe 
(310) used a rtuch 1mpioVed vers1on of this early 1nstrunent wh1ch 
rotated at 20,000 r,p .... cmd had better balanc1ng and freedort fron 
vibration. The obscuring ,oower, related to the cross-sect1onal surface 
d1arneter of the p<trt1cles, 11as Eteasured for s1x collo1dal li thopone 
saP'plGs by roeasuring the opt1cal density fron light absorphon rteetsurcr.Jents. 
The method was dcscnbed El detnl later by Bailey, Nichols & Kraemcr (16) 
and by Ba1leJ· (15), the forner group shmling how 1 t could be a;-:plled to 
the particle size of emulsions. li1chols & Drnley (309) e;avc a 110rked 
exa'1ple of how to c::tlculatc a s1zc d1str1bution of an er.mls1on us1ng the 
so-called '1lov1-speed Svedberg ultracentrifuge''. 
Nichols P: L1ebe (lac, cit.) equated the viscous force due to 
Stokes 1 La1; with centrifugal force, 1gnoring the Coriol1s force 
or accelerat1ne; force 11h1ch is also present. Robison & Marhn (362) 
were able to de:.onstrate that this assumption 1;ould not lead to any 
s1gn1f1cant error, Cr.eng 2 Schachnan ( 61), 'lfter an 1ntens1ve 1nvest1-
ga t1on of the ul tracentr1fug2' l scdinenta tion behaviour of poly,;1er latices 1 
concluded that Stokes 1 La,; was valid under these cond1 t1ons. 
llarshall (259 - 261) S'~e;e;ested a two-layer techmque in which 
part1cles are cons1dered to start fro'•l substantially the sane pos1 t1on. 
Th1s techn1quc has a superf1cial attraction but 1s fraught w1th "any 
d1fficult1cs, lnclud~ng that of 1rregular sed1rtentat1on, a point noted by 
Keen s, Schofield as early o.s 1930 (210). Th1s techn1que and roethods for 
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overcornng the :;orobler,Js have been discu11eed (17, 201, ?~1, 282) aud the 
strear'lng proble•1 for partlculate sollds subJectad to a two-layer 
sedlmentation technlque has been effectively overcor.Je. However, the 
approach is only a:JIJllcable to naterlals >Ihich are denser than the 
sedlnentation llquid, l.e., the parhcl<'S are thrown to the outer 
perlphery of the scdimenting vessel. Slnce enulslon particles are 
usually lesn dense than ~<&.ter and soluble ln organlc llqulds whlch have 
a lower daJJ.sity, the use of a centrlfugctl sedu1entation Qethod is 
confined to a hot110geneous techn1que. Thus er.1uls1on part1cles nave 
lnwards fron the outer periphery tovards thG centre of the sedil.mntatlon 
vessel. It is therefore ncc03sary to consider 1n more detall honogeneous 
centrifugation techniques and P~thods for thelr soluhon. 
(b) HoQo~neous c~ntrlfugal technlques 
The eo.rly techniques :1s :1oted above used centrlfugal tubes. ~hrtin 
(267), and later Robison & i•iartin (362), revlewed beaker-type centrlf ~gal 
sedinentatlon ond concluded that it had advantages, not the l.east bclng 
that colllsions betweun the partlcles ana the walls of the vessel are 
r.1ininised. Robison & Hartln developed the theoretlcal approach and 
descrlbcd the a1Jplicatlon of a .1odifled b<nker or sector shaped 
centrlfuge cell fro, whlch sacples were l<l thdr:twn at the end of a 
vanable tuoe at R fixed dcrth (363). Brodnyan (42) used a Slrllar nethod 
for polyner latjcas but \lith 211 ultracentrifuge. Kanack (203) lnprovcd 
the theoretical ncthod and descrlbed a suular sector-shaped cell to \<Jhich 
was attached a sa.apling devlce that re'1ovcd a sample at a flxed depth 
whllst the centrlfuge \I:J.S stlll running, thereby reQOVlng the danger of 
stirrlnG the sus penslon durlng the slm1ing do1<n phase. Kar1ack had to use 
concentrated sus;,ensions of the order of 1; and only one point on the 
distrlbUtlon curve could be obt£llned from each run. Owlng to lnndered 
settllng (198, 207) the 'Oethod was also probably lnaccurate. Nevertheless 
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the method of calculating the exper~mental results was retained when 
Donoghue & Bostock (95) introduced the complete d~sc centr~fuge. This 
particular ~nstrur.J&nt resulted in the introduct~on of a centr~fugal 
analogue of the :mdreasen ;:-,~:pette by Slater & Cohen ( 4 36), the s~ncar 
Centr~fuge. Gu?ta (153) also described a version of a centr~fugal 
\ndreasen pipette techn~que. 
Eoser 1 sc;lltlldt (290) descr~bc'd a centr~fugal photosedicJentOlJCter 
us~ng a s~1allow cyl~ndr~cal t"-nk or disc rotating ~n the horizontal 
plane. 'I'he optical cicns~ ty of tl,e suspens~on w&s followed as a function 
of tine by pass~ng a thin beam of l~ght through a f~xcd po~nt on the 
tank onto a photoelectric cell. The authors used a nonograph to relate 
the recorder curve to th~ percentage of part~cles of a g~vcn s~ze 
calculated fro''' Stokes 1 hc'" o.nd stress W'!S laid on the fact that an 
instrunent of t~ns type rmst first be calibrated by soroe other ,,,ethod 
mnng to variable factor,· such as :part~cle shape and opac~ty. Poser 
(pr~vate co,,tmun~cation) stated that the instrunent was a prototype 
w!nch 11as not developed further. 
Later Kaye patented a photosed1.nentometcr 1;hich was essentially 
s~nilar to tho.t of I loser 1: Sch '~dt (204). The new instrur,,~nt used a 
servo-systen 11lnch C011;'1'"-'ed the attenuated l~ght bean w~th the unattenuatcd 
beam, using the d~fferencc s~gnal to rotate an optical wedge to cancel 
the d~fferencc. A potcnt~onetcr attached to the ophcal wedge was us0d 
to control the recorder so the ~nstrunent plotted out the opt~cal dens~ty 
of the susp,ension. The ~nstru"'ent was descr~bed in nore detail (205) 
by Kaye and evaluated with Burt (48, 49). A smphficd instrunent, 
on~tting the servo un~t, was descr~bcd and evaluated by Groves, Kaye & 
Scarlett (149). The light beae1 >ns allowed to fall onto an unbalanced 
photocell after passin~ through the ccntr~fugal disc. The ~nstrumont was 
used w~th the t'"o-layer tcchn~que and w2s ~nsufficiently sens~tivP 
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to detect the strerun.01g later investlg'lted by Rlp1Jon (361). Neverthelesc 
these results were sufflclently lnterestlng to result ln the productlon of 
the cornerclal .orototy::ce utlllsed 2n thls current work (17, 116, 117). 
Cther disc centriful_~e.s have also been descrJ.bed. tJartJ.n, Brovrn G.-
de Bruyn (266) used a hollo11 alur·•inlurJ dlsc centrlfuo;e sim2lar to Kayc 1 s 
deslgn to size an.~lyse sub,,Jicron powders cont~inlng elements of hlgh 
atoPJic density such as lead glass, an X-ray beam passing through 2t ELnd 
onto a proport2onal counter. 
nlldreth (183, l81f) descrlbed a slmple photo-extinction type of disc 
sedlmentometer, Slwllar 2n princlple to that descrlbed by Groves, Kaye & 
Scarlett (loc. c2t. ). <m lnltially hono::;eneous suspens2on 11as used on the 
va.rJ.able t1r1e syt,tc:"'l (vide l.nf~), the tr,:tnsm:tssJ.on versus tuTJ.e curve be in~ 
related to tra01s.•ission He21jht curve by obscurat2on factors. As noted by 
Rippon (361) 1 th2s is :m over-simplifico.tion of the theory and 2s not a 
tenable method. 
~therton, Cooper ~ Fox (9), .".therton & Touc;h (10) and Jones (201) 
described e. small d2amoter d2sc centr2fuge 2n •1h2ch the two-layer techn2que 
is used in conjunctio01 •12th a rotat2ng ~robe sampl2ng device. Thus, liqu2d 
and suspended contents are removed for subsequent analysis after pre-
determined centrifur;"ltion tunes et a knmm radius wh2le the centr2fuse is 
still rotahng. 
(c) The theory of ho .. ,oe;eneous sus•Jension rrethods 
lhen the material to be an.o.lysed 2s dispersed 2n the sedimentat2on 
liquid to produce a hol.10_;cneous dJ..spersJ.on, three 1"1aln r;wG.es of operation 
are poss2ble as noted by hurley (293):-
(l) The inner radius of the l2qu2d surface o.nd the outer 
rad2us of collect2on are kept constant, samples being 
collected efter v:rying runn2ns t21t1es of the centr2fuge. 
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(2) The runn~n6 t~me of the centr~fuge ~s kept constant, as 
~s the inner radlus of l~qu~d and the outer collect~on 
radlus lS varied. 
(3) The runrnng tlme of the centr~fuge lS kept constant as 
before, but the outer collection radius lS kept constant 
for successlve measurements, ~<h~le the inner liquld surface 
rad1us is varied. 
In all c~ses the centr~fuge speed ~s kept constant. Donoghue & 
Bostock (95) gave solutlons for solv~ng methods (2) and (3), to '<hlch 
i:urley added another proof. Hm-rever, Donoghue & Bostock also stated that 
no analytical proof ex~sts for the derivat~on of the particle s~ze 
distr~butlon of " sample v:hen tlme is varied, unfortunately the prec~se 
situat~on relevant to the centrifugal photosedimcntol'!eter. llurley agreed 
that th~s was correct but po~ntcd out that ~teratlve methods could now 
be developed for calculat~ng the requ~red results using l'!Odern computer 
techn~ques at relat~vely low cost. The vari'>ble time mode of operat~on 
offers a nurber of i'uportant cxperlmental C>dvantC>ges and as a result nany 
attempts have been made to find a solut~o~ or the best approxlmatlon. 
Although the ~OSltlon of a particle relative to lts ~n~tial posit~on 
c2n be described mathomat~cally, ~t still rema~ns d~ff~cult for a dls-
trlbUtlon function to be derlved from the exper~ment'>l ~nformat~on. Th~s 
~s complicC>ted by the fact that, from the ~n~tlally nomogeneously d~spersed 
part~culate system, part~cles are accelerated proport~onally to thelr 
pos~tion frot~ the axis of rotat~on. ,\t any glVen reference or sampl~ng 
zone, after a certain time 1 t 1 it can be sa~d that all particles greater 
than a certa~n s~ze 1 dt 1 ;nll h:J.Ve passed, where 1 dt 1 is the Stokes 1 
d~amcter of the partlcle wh~ch started from the free surface and in time 
t had transversed to the sampl~ng zone. Subsequently the theory was 
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developed for a disc ccntr2fugo which is an ideal form of a sector-shaped 
cell since \;all coll2s2ons arc reduced to a m2n2'lmm. The s2ze d2str2but2on 
2s considered to be continuous, conta2n2ng 2n an inf2n2tes2mal range of 
dianeters a fraction of F(y)dy. 
Referr2ng to the sector of the disc centr2fuge, the d2stance from 
the axls to the free surface is 'S'; that to the sa~pling zone, 'R'. 
Hence a partlcle of di,,meter 'd' is def2ned as that part2cle wh2ch 
Wlll JUst travel from the surface at S to R dur2ng the centrlfuging. 
From a considorat2on of the centrifugal forces:-
1 R ns :;: (1) 
where~= anb~lar voloc2ty1 Q= density of part2clo, ~=density of 
sed2mentat2on liquid and ? = the V2Scosity of the liquld, 
Thus 
whore k (2) 
These part2cles 1 of d2ameter 'd' ~nd all larger particles will 
have been sedu1ented as well as a fraction of the particles smaller 
than 'd' C2.e,, those whlch ~;ere nearer to the sar1pl2ng zone than those 
at the surface) in tine 't', 
If 'p' is the total fract2on of mater2al deposited, then 'p' is 
g2ven by the equation 
P = ~~(dy) +1' /22 tl-e-Ck/tJFy.dy (R -S ) 
d 0 
(3) 
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D1fferentiat1ng equation (3) w1th respect to time g1ves:-
2 2kye 
-2k/t 
Fy.dy (4) 
Tins equation 1s not capable of an:1lyt1cal soluhon althouc;h RonNalter 
& Vendl (366) obtained equat1on (3) and lnvalldated their solutlon by an 
error. Tins error 1;as detected by Brovm (451) who obtaJ.ned equatlon (3) 
but solved J.t by makJ.ng (R-S) variable. Roblson & Martln (362) used an 
iterative method to produce a set of approX2mate solutions which were 
claimed to give better accuracy than that due to normal experimental 
errors. Kamack (203) J.mproved the J.teratlve technique to glve an approX2mate 
general solutJ.on to equatlon (/+) ln recursive form:-
F. ; ~ (S + S. l )C ]. J.- ,l l s + s. 1 . ~ J.- l F s + s . J J,l J-l,J. (5) 
1 = 1,2 ........ n 
where F ; F(D) ; fractJ.on by \veJ.e;ht of partJ.cles smaller than dlameter D. 
C ; concentratlon of suspended sol1ds, as a fractlon of the 
concentratJ.on of uniform suspension prior to settling, and 
Others have attempted to obtain a solutlon of the varJ.able time 
equatJ.on. Nichols !i Liebe (310) published a result whlch would not hmvever 
glve a ;1eight dJ.strJ.butJ.on funchon. Parkinson (321) overcame the variation 
due to the centrifugal fleld by the Slmple process of ignoring it. Hare 
practically, Jacobsen & Sull1van (192) employed a very low value of R/S 
(1.05) but this was experlmentally difficult slnce only small volumes of 
material were avallable for analysis. Dana (83) employed a pipette method 
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us1ng an 1nclined-tube centrifuge for whlch mathematical analys1s was 
found to be inappl:~.cable. Other attempts 11ere cr1t1cally reviewed by 
Robison & l'Jartin (362). It must be concluded that an exact solution of 
the theory for der1ving a dlstrlbut:~.on funct:~.on from an 1n1tially 
homogeneous dispers1on centr1fuged for var:~.ous t1me intervals lS not 
possible. As noted by Hurley (loc. c:~.t.) approx:~.mate methods of an order 
of accuracy better than that due to exper1mental techniques are, however, 
ava1lable. 
(d) Light scattering as applied to centrifugal techniques 
The use of a beam of radiation to neasure the concentrat1an of 
particles in a centr1fugal cell has many attractions, especially as it 
is not necessary to d1sturb the sedimenting system in order to obtain 
an analysis u!lich can be made. c.on.tlnuous. The pioneer 1nvesto,gatiDns of 
Svedberg & Nichols, N1chols & Llebe, and N1chols &.Bailey have been 
ment1oned. l!m;ever, it lS usual to e!l'ploy Schlieren techn1qucs to 
follow boundary changes 1n analyt1cal ul~racentr1fugation, the boundary 
being detected by chanGes of refract1ve index between solvent and sus-
pension. This method was used by Hermans & R;Yke (174) to determ1ne the 
particle s1ze of collo:~.dal s1l1ca part1cles. Biermann ~ al. (26) used 
the technique to measure the part:~.cle size dlStrlbutions of chylomicrons, 
the subm:~.cron llpoprotein particles found 1n plasma after meals of fat, 
and found that the turb1d1ty of their suspens:~.ons somet1mes interfered 
w1th observatlon of the boundary. J'icCorrnck (296) noted that by :~.ncreaswg 
the intensity of the light bean >dth a mercury arc lamp the Schlieren 
patterns could still be obta1ned for concentrat:~.ons up to 0.05% poly-
styrene latex partlcles >nth diameters of 2500 ](. He was therefore able 
to adapt convent1onal analytical ultra-centr1fugal techn1ques for the s1ze 
analys1s of a number of ~olymeric emuls1ons. Averink ~ ~· (12) 
crltlclsed llcCorffilck's method since the turb:1.d1ty forced him to use such 
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low concentrations that the Schlieren peaks were very small, lead1ng to 
poor accuracy. hVer:Lru< et al. showed that the appllcability of Schl1eren 
opt1cs was restr1cted to a range of part1cle d1ameters rang1ng from 
200 - 2400 ~. They concluded that w1th absorpt1on opclcs the range could 
be gre~tly extended and described a method for ach1ev1ng th1s. 
graplncal method 11as used to relate optlc~l density to concentratlon 1n 
order to calculate the size distribut1on. Using monochromat1c l1ght 
thls method would appear to be the most satisfactory currently ava1lable. 
Ds1ng a Sl!llple bear~ of light of r~ixed •mvelengths Groves, Kaye p, 
Scarlett (149) emphasised that the1r method (1£s. ~.) could not be 
absolute for partlcles <Jhose diameter approx1mates to the wavelength of 
the 1nc1dent l:Lght but 11as useful for the detect1on of d1fferences between 
samples. Kaye g Jackson (209) appl1ed a mod1f1ed centr1fuge developed 
from the earl1er models to the s1ze analysis of polymer emulsions of nnrrou 
size range, and were able to deduce that these materials had a wider range 
than that cla1med by the Manufacturers, a conclusion adequately supported 
by other Horkers at the se.r,1e meeting (226). 
Thus, although the techn1que lS relat1vely unsoph1st1cated 1t may 
have some use where the part1cles are st1ll big enough to cause inter-
ference with a l1::;ht beam <> O.Olp) s1nce these part1cles are separated 
according to Stokes' Law. The quantitat:Lve express1on of the actual 
part1cle concentrat1on may not be exact and may result in an overemphasls 
of the f1nes. The relationshlp between this effect and errors due to, 
for example, 1nadequate d1spers1on of the flne part1cles rema1ns to be 
established. 
(e) Other centr1fugal techn1ques for SlZln~ emuls1on particles 
The ultrccentr1fuc;e has been used to deterrnne emulslon stabillty, 
measur1ng the free 011 and compacted emuls1on boundaries as a funct1on 
of t:LMe (120, 343, 488 - 491). By analogy w1th grav1ty sed1mentation 
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methods this technique could be appl~ed to particle s~ze determinat~ons. 
P~nter & Z~lversm~t (327) and Z~lversmit (523) described a density gradient 
method for the ultracentr~fugal size measurement of chylomicrons. This 
technique ~s used ~n stud~es on l~ving mater~als (317) and the approach 
m~ght well be appl~cable to other emulsion systems. 
2.4.5 The Coulter Counter 
Coulter described h~s ~nstrument in 1956 (75) and the dev~ce 
has come to be widely accepted as a conven~cnt and valid method of s~ze 
analysis. The Coulter Counter (LJungberg, Toa and Sansar are alternat~ve 
makes of instrument ut~l~s~ng a s~m~lar pr~ncJpls) determ~nes the number and 
s~ze of particles suspended ~n an electrically conductive liqu~d. This 
~s done by forcing the suspens~on to flow through a small aperture having 
an ~mmersed electrode on either side. As a part~cle passes throuch the 
aperture, it changes the res~stance between the electrodes. Th~s produces 
a volta';e pulse of short durat~on hav~ng a macrn tu de proportion :cl to the 
volume of electrolyte d~splaceo 1 and hence to the part~cle volume (s~ze). 
The ser~es of pulses ~s then electronically scaled and counted. Detailed 
descr~ptions of the apparatus and its operat~on have arpeared ~n the 
l~terature (21, 24, 53, 75 1 76, 320, 231 1 308, 377 1 455 1 468, 495) and it 
is not proposed to repeat them here. 
Crit~cal evaluations such as those by Cooper ~ Parf~tt (72), Samyn 
& hcGee (378), '/ales & 1/~lson (497, 498) 1 !\ubitschek (232) and \llen (3) 
have to some extent been answered by Pr~ncen (329) 1 Edmundson (lOO), 
Barnes et~· (19) and iiercer (279). To date, however, no fundamental 
flow in the pr1nciple or mode of operation has been detected and ~t ~s 
generally agreed that the ~nstrument serves a useful funct1on. Coulter's 
Laboratory Hanual (1966) cla~n's that, w~th a 20 p nominal d~ameter onficc, 
the ~nstrunent 'nll detect part~cles of 0.4 p equivalent sphere d~ameter. 
Kub~tschek (230) cla~med to reach a size of 0.2 p w~th a resolut~on of 
- 59 -
0.04 - 0.06 1'3• Tins r.mst be viewed wJ.th consJ.derable cautJ.on although 
PrJ.ncen (private com~unJ.cation) has confir~ed the claJ.m and suggests 
that it n~y be due to instruQent J.diosyncracy. It J.S widely believed 
(Coulter, private cor'l!.mnicatJ.on) tnat the J.nstrument is useful down to 
dhrneters of 1.0 p and tnll detect particles down to 0.5 p dJ.SI'Ieter. 
However, in thJ.s range the J.nstrument background caused by electrical 
effects, especially electrJ.cal 'heatJ.ng' WJ.thin the orifJ.ce, and 
cavJ.tation by the passage of naterial through the snall orifices which 
are required for these sJ.zes 1,1oke actual detection of submwron partJ.cles 
less certain. PractJ.cal diffJ.cultJ.es J.n obtaJ.nJ.ng electrolyte free from 
partJ.culate contau'J.nation are also consJ.derable. The J.nstrur.ent J.s 
therefore limited to approxJ.mately the same size range as optJ.cal 
nicroscope methods and J.t does require dJ.spersJ.on of the naterJ.al J.n 
electrolyte, J.tself a source of trouble due to flocculation effects 
(147, 434). Nevertheless, the J.nstrunent has an overwhelning advantage 
J.n that a vastly gre:>.ter nur,ber of partJ.cles J.S actually counted for any 
one size dJ.strJ.butJ.on, thereby greatly J.ncreasJ.ng the accuracy and the 
speed of a size analysis. 
The use of the Coulter Counter for sizing enulsion systens 
llach tel ( 495) employed the Counter to size o/w emulsion systems, 
usJ.ng the method to exar.J.ne the degree of dJ.spersJ.on achJ.eved by the 
use of the Sinclair aerosol ~enerator for makJ.ng 'nonodisperse' emulsions. 
lliguchJ. (179, 180) J.nvestigated factors influencing the aggregatJ.on of 
enulsions, followed by Lemberger & Neurad (241) and Svnft & Friedlander 
(455). Rowe (370) and NJ.ma r, KJ.tanori (282) J.nvestJ.gated emulsion 
stabilJ.ty parameters as reflected J.n changes J.n partJ.cle sJ.Ze dJ.stributJ.on. 
SJ.ngleton & Brown (434) used the devJ.ce whilst investigahng the formulation 
of J.ntravenous fat emulsions. Princen, Kudeck & Stolp (331) J.nveshgated 
the factors controlling the en~lsJ.on of linseed oil and Earshall g Taylor 
I 
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(264) descr~bed the use of the Coulter for follow~n~ changes produced ~n 
an emuls~on during the evaluat~on of d~fferent homogen1sers. Schrenzel 
(38E, 387) discussed the use of the Coulter Counter for the size analysis 
of phar~accut~cal e~uls~ons. The ~nstru~ent has therefore rece~ved 
cons~derable attention ~n th~s application. 
2.5 The ~nfluence of particle s~ze on the v~scos~ty of e~uls~ons 
and suspensions 
2.5.1 Introduction 
S1nce the scope of th~s enquiry has been broadened to include emulsion 
behaviour 'dth that of suspensions, it is of ~nterest to compare the 
propert~es wh1ch are cla~~ed to ~nfluence the~r respect~ve flow behav~our. 
Table 2,1 Propert1es claimed to 1nfluence the flow of enulsions and 
suspensJ.ons 
Ermls1ons (405) Suspens~ons (119) 
l. V~scosity of the external (a) Relative volur1e fraction of 
phase <7o) part~cles 
2. Volulile coneentrat~on of the (b) Internal flex~bility and ease 
d1.sperse phose (c.~) of deformation of part~cles (c) Thercwdynanic condi t~on of 
3. V~scosity of the ~nternal system (loHered by the presence 
phase <? .. ) of surface active agents) 
4. Nature of the e,•mls1fying agent (d) Presence of electr1cal charges 
and the interfetcL>l hln (e) Shape, s1ze and nass of 
forr•1ed :J.t the lnterfo.ce suspended part1cles (f) s~ze d~str~but~on of the 
5. ElectrOVl3COus effect part~cles 
6. Particle s:cze and SlZC (g) Concentrat:con of the system 
d~str~buhon 
There are obv~ous s:uailar~ t~es between the two although it is str::me;e 
that Frisch & S~u1ha (119) d~d not consider the nscos~ty of the conhnuous 
phase to be important. In addition, the factors (a) and (g) must obv1ously 
be closely interrelated, referring to the presence or otherwiR~ of Cln 
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adsorbed layer on the part~cles. In a later review Sherman elaborated 
on the above scheme but reta2ned its essent2al elements (412). 
2.5.2 V2scosity rclationsh~~s for suspensions of spher2cal part2clcs 
It is clear that the presence of a •~t of r~gid spherical partlcles 
in a Newtonian lH]Uld will ra2se the Vlscos2ty of the l2quid to a value 
wh~ch 2s hifper than the v2scos~ty 7o of the liquid itself. The 
d2mere .onless , the relat2vc v2scosity ( ?, ) , ~s l~kely to be 
a funct2on of the totc1l volume fract2on ( cf ) of the suspension. 
The nost w2dely known express~on for 7. was der2ved by E2nste2n (103) :-
........ (1) 
where Ci..
0 
= a constant; for spheres 5/2 
Tnis requ2res that there ~s no interact2on between the part~cles, and 
thelr d~stancc of separat2on greatly exceeds their d2aneter. 
c.s disctwsed by J!awo.b G. I iason (305), this 2s, ~n fo.ct, a power 
ser~es in the forP1:-
(2) 
Porter (328) showed that a s2mple power law was 2nadequate to 
represent the change of? over all poss2ble rates of she>r. A large 
nuPJber of theoret1.cal and erapirical attePJpts have been made to stretch 
the equat2on to f2t the properties of nore concentrated systems (294). 
Rutgers C374) rev2cwed 97 of thes2 attePJpts (up to 1962) and 2t 2s 
rnterestlng to note th:>t not one of then conta2ns a terr1 to descr~be mean 
part2cle s2ze or part2cle Slze d2str2but~on. Despite th2s, Rutgers mentioned 
as a fact that viscosity increased 1-12th smGller part2cle sizes, and that 
absolute partlclo s~ze was :Lnportant. Sherman (412) rev~ewed the same 
fJ elci ;:JR. Rute;erst ulth rcfcrcn.cc to ccncentrdteU ~wul::.:.ions. He po~nted 
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out that ~ 1ncreased with 1ncreased rp and when 1') 0.4 - 0.5 the 
emulsions becaMe pseudoplastic 1n flow properties, in some cases plast1c 
with a def1nite y1eld value, At this po1nt snall increases 1n cp can 
produce profound increases 1n ? , and above a cr1tical value, often, 
but not always, 1n the region of 0.74 the enulsion will crack. 
Richardson (346) calculated a coMpress1bil1ty factor for an eMuls1on 
11hen cp is increased by £ 6;1 . ( Broughton & Squires (43) emp1rically 
anended h1s equahon which .Sirlpson (430) found to hold for n1~rocellulose 
lacquers. Shermnn ( 401) ;~as unable to conhrm the proposed relahonship 
for concentrated ( c.p> 0.5) er.mls1ons. 
Hatschek (163) proposed an equation for flow behav1our and noted that 
it requ1red correct1on for an adsorbed layer, Sibree (424, 425) made 
allowance for an 1ncrease (h) 1n the effective volune due to hydration 
of the eMulsif1er layer around the part1cles. However Broughton & 
Squires (43) and ToMs (463) found cons1derablc variation 1n values of h. 
Br1nkMan (38), G1llespie (125) and Ellers (101, 102) all considered the 
flow behav1our 1n a sio1lar manner and introduced other ferns of 
correction for the 1ncrease of volUMe of• part1cle. Saunders (379) also 
found that the r'easured volune fract1on re~uired correct1on and noted 
that there was an increased interaction as the part1cle dlameter decreased. 
Sweeney & Geckler (454) cane to a sinilar conclus1on but the irlportance 
of the effect of particle s1ze on flow renained on this sem1-qunlitative 
level until recently. 
2.5.3 The influence of particle size and s1ze distribution on v1scos1ty 
From pack1ng considerations Traxler (464) reasoned that particle 
s1ze d1str1bution must influence viscosity. Lyttleton & Traxler (252) 
separated bitum1nous enuls1ons 1nto fractions of graded s1ze and showed 
that different v1scosities were obtained >1h1ch could ouly be accounted 
for on the basis of a chan(jed s1ze d1stributlon. Orr & Blocker (314) and 
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Hernans (173) uent so far as to deny that part~cle s~ze mattered, con-
sidering the parhcle size distr~bution as measured by the standard 
deviahon to be ~mportant. However, Sherroan (412) noted that the bull< of 
the publ~shed l2terature conta~ned l2ttle or no reference to the state of 
dispers~on other than generalised statements such as "fine" emulsions 
gave h~gher viscosit~es than "coarse" emuls~ons of the same constitut~on. 
The papers of Lev~ton & Leighton (242), Richardson (348, 349) and of 
Rajagopal (339) made limited attempts to invest~gate the relationsh~p. 
R~chardson 1 s \vork, devoted to a consideration of concentrated Ccp.-. 0. 75) 
o/w emuls~ons that showed non-l!ewton~an flow, is in fact the only ~nvesti-
gat~on up to that t~ne relevant to the present enquiry. Emp2rically he 
found that 'J c.--o w:ts proport~onal to the rec~procal of Dn' the mean 
part~cle diameter, and the product, D n , Has constant if the spre3.d of 
n /oO 
s~ze around D 11as narrow, a conclusion supported by Lawrence & 
m 
Rothwell (238). 
S~nce particles 2n a suspension at h2gh rates of shear are equ~-
distant from each other and prov~ded they behave as rigid spheres the 
r<Jean distance of separation (a ) ~s given by 
m 
a'll = D m 
Shernan (407) showed that 11hen a fell bel01v a eritieal value 
m 
(1) 
(""' 0. 5 p) the raho ?oO/ oh increased very rapidly when D does not ~o m 
exceed 2 - 3 )'• The physical meaning of the critical value of a rema~ns 
m 
obscure at present but nust be related to the hydrodynamic faetors, the 
th~ekness of the surface f2ln and the distance of the secondary r.l~n~r.lUl<l 
fron the part~cle surface. As he pointed out ~n this paper, the cal-
culated values of a do not allow for an increase ~n D due to adsorption 
m m 
of emulsifying agent at the interface or to solvation effects. Consequently 
----------------------- ------ -- --
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the true values of a \tould be greater than those calculated. For very 
m 
low values of a the dlscrepancles wust be very large. 
n 
Sherman (414) extended thls idea and, by drawlng regression llnes 
between publlshed dcta for the Vlscosity and values of a , derlved the 
m 
following se-n-em;:nrlcal equatlon:-
Log.") r = C(l/am) + X (2) 
where C and X are constants. 
He su':igested that the form of thls equatlon may vary vn th the de::;ree 
of lnhomogenelty of the systeM, the dependence o! C on D decreP-slng as 
m 
the partlcle size becomes broader and concluded that a study is requlred 
of well deflned dlsperslons of solld spheres ln \lhich the lnhOMOGenelty 
can be adjusted to any deslred level. 
Other workers are also active ln this fleld, JolL~son & Kelsey (200), 
nohng that the Vlscosity of a latex eoulcl be changed by ehanging the partiel£ 
si,ze, found there \las a relationship between the nass of large and snall 
parhcles prese.1t. In a later paper (211) they analysed the situatlon and 
proposed the following formula (retalnlng the prevlous notation), 
(3) 
( ~nnr3)~ where k :::: a constant, rv = volume mean radius • l-
and~= a factor adoed for the adsorbed layer, here presumed to be the 
length of a soap nolecule or ion (the oleate lOn being taken as 27,5 J( 
long), Kelsey ~ Johnson consldered the effeet of adding mixtures of 
known partlcle size to each other ln known r~tlos, Unfoptunately only 
two different monoslze components were eonsidered. f1ooney (285) and 
1/ilhams (509) have also proposed equatlons. Cogill (69) reported an 
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iterat1ve Method for fitting the viscosity of a system to 1ts disperse 
volune, essent1ally 1n the form 
(c + log. 7 ) (4) 
The quA-ntity C, determined by iteratlon, 11as shown to be about 1 - 6 
for n.:1rrow size ro..nge JJ13.terlal but, w~th an "anJ.onJ.c crmlsJ.onn (no 
detalls) hav1ng a s1zo range of 1 - 10 f• C rose to a value of 20. 
This wo_s thought to be because only some of the part1cles 1n tha syster.J 
took any part 1n resist1ng the appll£d shear stress. Cogill supposed 
these to be the larr;e part1cles, snall ones nerely occupying the 
1nterst1ces. 
ThoMas (462) also oade a cr1tical analysis of the experir.Jental 
data on the relative viscosity of suspens1ons of un1forn spherical 
particles based on the pack1ng cell concept of Simha (426). He deli-
berately attenpted to d1r11nish effects due to non-Newton1an behav1our or 
non-homogeneity of size d1str1bution. Si~bn & Somcynsky (427) accepted 
this approach wh1ch, from the prcv1ous d1scussion, would appear to be too 
restr1cted to be of use. 
To sunnarise, there is general agreenent that the part1cle size er 
distribution of size 1s 1r.1portant when considering the flow behaviour of 
suspens1ons of spherical part1cles. There appears to be a lack of 
agreement on the forn of th1s relationshlp although many authors agree 
that 1t lS necessary to correct for a hydrodynan1c interact1on due to an 
ndsorbed layer on the particle 1nterface. 
The theories discussed on this sectlon should be conpared ;11th 
theor1es of emulsion structure (2.3.4). It will be noted that one group 
of workers cons1der enuls1ons (nnd suspens1ons) as mart spheres so thnt 
theJ.r properties are controlled mo..J.nly 'Oy particle mcc.ho.J.nics. 
L-----------------~----------------------------------------------------------
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Table 2.2 Authors who h:we exam~ned the relat~onsh~p behreen 
emulsion and suspens:ton propert1es and part1cle s1ze, 
show~ng the method of part~cle s~ze analysis (papers 
not necessar~ly d~scussed ~n the text) 
Authors 
.\xon 
Bredee ~ de Booys 
Cheesmm ~ K:tn[; 
E~lers 
Eves on 
G~llesp~e 
Johnson c, Kelsey 
Kelsey t Johnson 
Knoechel 
Knoechel 8· 1Jurster 
Lmrrence t Rothvroll 
Leviton t Le13hton 
Lyttleton & Tre>xler 
11anley 2, ! .~son 
1"-J.tsurlOto 
L'ilna K K1 tar.10r1 
l~a'•Jab & Nason 
Orr & Blocker 
RaJagopal 
Richardson 
Rowe 
Saunders 
Shernan 
Sheth 
Sheth, i'lcVcan ~ l•Jattocks 
Shot ton 2. '!hi te 
S1.bree 
s~mpson 
Srivnstava 
Sweeney ~ Geclclcr 
Takano & Kambe 
Taylor 
Traxler 
V and 
van den Ternpel 
Hachtel &. La tier 
1"illietms 
···l~lson :Z Parke 
Reference Pnrt~cle SlZ8 
analys~s U'ethod 
14 Microscope 
36, 37 r.ncroscope 
57 microscope 
101 r,1crosc ope 
105 - 107 m~croscope 
123 - 125 \"ncroscop'. 
electronmicroscope 
200 electronm1croscope 
211 e lectronnicrosc ope 
219 nlcroscope 
220 microscope 
238 n~croscope 
242 Microscope 
252 rrJlC rose ope 
257 microscope 
275 - 278 sed~mentation 
282 Coulter Counter 
304 nicroscope 
314 r;1icroscope 
339 r.icroscope 
348, 349 rucroscope 
370 Coulter Counter 
379 electronm~croscope 
401 - 415 roacroscope 
416 Microscope 
417 nucroscope 
421 r.ncroscope 
424, 425 rncrosc ope 
1+30 rue rose ope 
446 microscope 
454 nicroscope 
457 electronn~croscope 
461 MlCroscope 
464 M~croscope 
471 m~croscope 
477, 478 M~croscope 
495 Coulter Counter 
508, 509 \microscope I c-:ntr~fuge 
511 m~croscope 
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other hand, the other group consider surfaces and the formation of 
~nteract~ons or l~nks between the surfaces. They are therefore o.ble to 
cons~der effects such as th~xotro~y but tend to take less account of 
particle s~ze; a posSJ.ble cor.:b~nation of certain features of both 
theor~es nay be adventageous. 
F~nally, ~t 11as noted durin::; the read~ng of the papers d~scussed 
~n this section that the :mJority of the workers employed nicroscope 
size analysis methods; the situat~on is sum1arised ~n Table 2.2. 
2.6 Conclus~ons 
l. An enuls~on ~s def~ned J.s a heterogenous systen, cons~sting of 
at least one inrn~sc~ble l~qu~d ~nt~nately d~spersed in another in 
the form of droplets. 
- 2.1.1 
2. Emuls~fication ~nvolves sheex~ng the heterogenous syste~ 
to reduce the droplet size. 
- 2.1.2 
3. Enulsion droplets may be non-spher~cal, Gepec~ally ~n con-
centrated syste~s. 
- 2.2.4 
4. Enulsion droplets have an ~nterfac~o.l f~ln Hith propert~es 
different fron either of the two immiscible liquids. 
- 2.2.1,2 
5. The properties of ~nterfac~al filns are ~nfluenced by the 
presence of inpurities. Bnulsio,1S prepared w~th raterials of 
connerc~al qual~ty would be mt~cipated to d~ffer from those !"'ade 
w~th purif~ed materials. 
- 2.2.3 
6. There is l~kely to be a spre:o.d of droplet s~zes around a r.1ean 
value and the partlcle size distribution w~ll tend to obey a 
logar~thmico-probab~lity law. 
- 2.4.2 
7. The light r.:icroscope has been e'"ployed by '"any workers for 
neasur~ng the part~cle size d~stribution of enuls~on systems. 
-Table 2.2 
8. L~ght m~croscope 11ethods of particle s~ze measureMent are not 
reliable for part~cles smaller than 2 ll• 
' 
- 68 -
9, Sub-mlcron partlcles can be detected in eMulsions by llght 
sco.tterlng "lothods. At present ther& is no relu1ble method for 
measurlng partlclc size distrJ.butlons by thls ~eans. - 2.4.3(c) 
10. Centrlfugal sedJ.MentatJ.on methods may be used for the measureMent 
of sub-rncron partlcles, and for the deterd.natJ.on of the particle 
slze dJ.strlbutJ.on. 
- 2.4.4 
ll. The Coulter Counter lS a more accurate nethod than the light 
r,1icroscope for the measurer.1ent of partlcles larger than l }'• - 2.4.5 
12. The flow propertles of concentrated enulslons are non-Newtonian. 
2.3.1,2 
13. A number of factors J.nfluence emulsJ.on flow behavJ.our J.ncluding 
partJ.cle size and partJ.cle size distribution. 
14. There lS only qualitatJ.ve agreement on the nature of the 
relatJ.onshro between partJ.cle sJ.ze and enulsion behavJ.our. 
- Table 2.1 
15. Two theories HhJ.ch atte ''Pt to explaln the conplex flow behavJ.our 
of e"lulsJ.ons rny be dJ.stln[;uJ.shed, based on consideratJ.on of:-
(a) lJ.nks forMed betlleen partJ.cle surfaces. 
(b) mechanical J.nteractJ.ons of spherical partlcles. 
16. The measurement of co•1plex flow behavJ.our is dlfflcult. The 
FerrantJ.-Shirlcy VJ.scometer has a number of deslrable features. - 2.3.5 
2.7 Llnes of enguiry followed J.n thJ.s study 
In broad terc.os thls J.nvestJ..gation lS concerned wJ.th the relationship 
between the partJ.cle sJ.ze of the dlsperse phase of solJ.d-lJ.quld dls-
persJ.ons or C'aulsions of a type cannon ln the pharmaceutical and cosr.1etJ.c 
J.ndustries, and thelr flow behavJ.our under stress. Following con-
sJ.deratJ.ons dJ.scussed J.n this Chapter the J.nvestigatJ.on was carried 
out J.n stages. 
(1) Uslng a Slmple nodel systen a comparabve exar.nnatJ.on of some 
av·nlable partlcle sizing nethods >!as carrJ.ed out ln order to determlne 
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the best nethod, or co"lb~nat~on of methods, for assess~ng the size 
d~str~but~on. 
(2) Other model systens were then prepared to enable part~cle 
s~ze (and distr~but~on of size) and flow behaviour to be varied over 
the w~dest practic:tble l~.Jits. Tins \HS achieved by varying:-
(a) cnulsion concentrat~on 
(b) type and conccntrat~on of enulsifier 
(c) method of er.mls~f~cat~on 
(d) const~tut~on of the d~sperse phase 
Some other propert~es of the d~spcrse phase wh~ch could affect the 
flow properties were <>lso considered, ~ncluding the part~cle shape :tnd 
the presence of an ~nterf,ocial f~ln. 
(3) Tl1e part~clc s~zcs of the preparat~ons were neasured using a 
combin:1tion of Coulter Counter and centr~fugal photosed~nentoneter. 
(4) Tloe flow curves of the prepar:ltlons were measured us~ng a 
Ferranti-Sh~rley cone-plate v~scometer. 
(5) Fron a cons~der.:<t~on of the exper~ncntal data an attempt vras 
r.1ade to relate enulsion flow behav~our to the size of the disperse phase 
parhcles. 
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CEAPTEH Tli.al:~ 
HLfi10 J.3 UF PA."~TICLE SIZE JJ>IALYSIS 
3,1 IntroGuct1on 
J ,2 Pro 1J.J'1ll1Ury cxpcrJ.l11Cl1 ts 
3 .3 T:1e Cou.l ter Coun tcr 
3.4 The ccntr1fu~al photoGcdlnentomctcr 
J.5 D1scuss1on and conclusJ.onG 
3. 0 Su1 !.lc.ry 
J.l Inlroduct1on 
huch of dw :prc·r1ous .•TOr:~ on the cor re le. t1on be ttJecn 
pnys1c~l propcrt1cJ an~ pnrt1cle s1ze or s1zo dJ.strJ.but1on has 
been co.rr1ed out. on natcr1aLs uhosc .ro.rtJ.clcs ho..ve bec.~.1 1,casurcd 
uo1nL l1cht uJ.croscopy. r£~11s cannot odequo..tcly d1ffercnt1ate 
bct•!ccn ]JartJ.cleG of l8GS th.:.n 2 J.l, yet 1..t lS Hell :>.110dl1 that 
sub-;-u.cron p:t.ctJ.clco c.:o cx1o t J...n r.~.ony owuls1ons. Hence the 
as .... csG.~.lCnt of the' SlCUlflco.ncc of the rccults nust rcr.JD.lll o. 
suspect fcoture of carllcr 2nvest1g&tlons. 
) ,2 PrcllmJ..nn.ry cxpcrJ..r;.c.1 ts 
rr'hc wc~c1 CJ1Uls1on lf,J.G D. Sl11G1o 500 u batch of a .system 
sun1.:r tc CTA3/Il/120 (ToJJ10 4.1). 
An electron ~l1otouJ..crocr~9h of th1s ~rcparutJ..on lS ~l1o~n 
1£hc L1 ... 'tG.t'J..c.1 'VD.G exn11ned by 1J..:_,llt nJ..croscopy, 
Cou1 ter Cou.1tcr, cen t::-J..f u;;al pho toscclJ..ucn tone tor and e1oc ~::ran 
lllcro.sc opy. Dcta~1s ane rc&u1~s ll~VO been dcccrJ..bed c1~ewherc 
(116, 117, 151), but the rcnults ere sun:aar1zed 111 FJ..~; 3.2. As 
noted (151), cxtrnpo1nt1on techn1qucs suGccotcd by ~DJDGOpn1 
(336), c:nt' otlwrc (99, 161, 162, 23.5) y1c1cc et ,qr':cd undcrcot1-
r.1a-Lo or L~e G~~ .. c of the GllDl1est p~rtJ..clc ::?resent lll tnc uyS1:Cd 
Fig 3. 1 Electronphotomicrograph of CTAB/B/120 mounted using 
Craik 1s technique. x 20,000 
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Fig 3.2 The particle size distr~bution of 
CTAB/B/120 determined by d~fferent 
methods (extrapolations are shown 
as broken l~nes) 
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uhen us1ns llGht l1lcroscopy and the Coulter Covnter. It \/aS 
concluded that ~ co.ili1nat1on of the contr1fugal photosed1nonto-
meter and the Coulter Counter together offered the best means 
at present ava1lable for carry1ng out any ,J.clequccte .wasureuont 
of the rclc:ttlVCly \IJ.C1 C SlZC dl.StrlbUtJ.Oll thn.t can CXJ.St l.ll SOLlC 
emuls1.on uystcns. These tllo nethods \/ere therefore euployed 
1n subsequent 1nvcatJ.~at1.ons of other models. 
3.3 The Coul~er Counter 
All part1clc counts v1cre r.1acle on a Coulter Counter iiodel 
A (Industrlal) f1tted \llch o1ther a 30 ).1 or a 70 u or1f1cc tube. 
The 1nstrur·wnt 'IO..D co.lJ.brc:.tec.l u.s1.ns a nonoo1ze polyslyrcnc lo.tc:-:: 
of l. 305 ).1 no an cl1amutcr, a polyv1nyl toluene ld tex of 2. 05 n 
cl1ar:wter (both snppl1cC: by courteoy of the Dow Chetncal Co,~lpany, 
H1dlo..nJ., lilchi[;c:.n, U . .S.A.) o.nd a nulbcrry lJolle11 (1).59 )1 Cl&nctcr) 
obta1ncd fro11 Coulter '"lcctron1cs Lunted. The 1.nstrur:.wnt co.l1.-
brat1on vms c:1cckcd for dr1ft at monthly 1ntervals us1n(\' at 
least tHo monosJ.zc mate.c1o.ls. 
Any sanplc for part1.clc n1.zc D.l1aly.sJ.s 'by thls Ltcthoc~ has 
f1.rot to be cJJ.lutcd -..JJ.th electrolyte. P.celJ..Jl.12ry J.nvc.stJ.r;utJ..on.s 
ohoucd that clJ.lutJ.on.s of the sy.stcr.1 J.n D. uJ.do ru.n~e of concen-
tre,tJ.ons 2-n.C: type of electrolyte .shovrcd con3J.clcro.:~lc flocculJ.t...J.on. 
The rate of flocculo.tJ.on G.pl_)carcd to b~ rclc:.•tcd to the concen-
tr~t1on of electrolyte present, Table ~.l. 
cctrnlh~e to O.l:A ~ oodlll:l chloJ..:l<ic (phyololOGlCC:l sal1nc) 
cave the least floccul~tcd dJ.lUtJ.Oll but as the ll1VeStJ.GatJ.Oll 
progrcooccl 1 t bccm:1e clear th,:]. t, under so ne co11C 1 tJ..on.s, 
T+ •r"<""' 
...... " ............ ' 
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Table 3.1 T11c effect oi clcctrolyLc on d1lutc 
dl.sucrGlO!lD o.Z CT!-,..J/ D/120 
Elcctrolycc 
-------h- - - _.,.. ___ _ 
Cc tr1.r11Clo 
8ocl~uu c1.tr.::.tc 
Co~1cc::.1 tr..::.. t1on 
~~ H/V 
o. 02 
2.0 
2.0 
J.i'loccul:J.tlo:l 
( + .wrkcC:) 1 
(- nonc,.J__j 
I 
++ I 
++ I 
------------------
++I 
Sod1ur:1 ~.,.hlor1Cc 
SoL1u .. 1 c:1lorlc.~c ctll( 
cc tr 1r.11d e 
Soc'1un chlor1.Uc <:il1c~ 
CC t!'lElClc 
SoClo1.1 chloriLc une 
cctrlmldc 
2.0 
0.9 + 
0.005 
0.9 + 
0 .Ol 
------ ---- -- -
0.9 + 
0.02 
--+-------------4 I 
+ 
----t---(-+-) -1 
(-) 
--+-----1 
I 
therefore, necessary to 1nvcstls~tc these conClt1ons 11o~c fully 
1n order to Cl1a'.:llc the Counter to be a 11pl1ccJ. to th1o E!.ncl othcJ."' 
systems uLcc.l 1n .:.he study. Noc t of th1c .tork has ...,con co.rr1cd 
out on cct.clr.!l<.~c c:-'J.lDlflc<l for:.1ul:t'L1ons but 1t 1vas lo:ltCJ." sho.,;.l 
that the sonc effect coulL. b.J dcmonctro.tcd 1n systCllS contalllJ..TIG 
other cr..:;.ulslflcrc. 
(a) Co.~J.onJ.c sy:J tsnJ 
Since C:l.lutl.OJ.1 J.WclJ.a for use ~'Jl"Lh the Counter rcqulrc to 
be .subs to..n tJ.o.lly free of cxtro.nc ou3 p.:::.r ~J.cula tc con tiU!l.l!a tJ.on 
1t wa.:, convclllon'L to cnploy r: con.tcrcJ.olly-o.vallablc, phy.::;J.o-
lOGlco.l so.llnc soluc~on for lnJcctlon (Poly fusor, Boots - 145, 
chlorJ.dc .,,ro.s p::lcGccJ rcpcettcc1ly throu::_:h a 0.22 )J. iillliporo 
J.lCf.lbro.no .f1l Lcr unt1l the bo.c~~Grount1 count .vo.::. c lo.Jc to thu.'L 
lOO 
90 
80 -
li , 
, 
Fig 3.3 The change of size , , 70 , distr~bution of CTAB/E/120 , , 
with concentrat~on of % A cetrimide 
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Fig 3.4 The change of apparent mean diameter of 
CTAB/B/120 with concentration of cetrimide 
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Fig 3.6 The effect of d1spersant concentration on the mean s1ze of an1onic and non-ion1c 
systems, and their change with time 
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of the diluent sa11nc (146). QuantJ..to.tJ.vc clJ .. lut1.ons were 
prepared an~ stored 1.11 polypropylenc-ntop)ercd class contaJ.ncrs 
(1~111) unt1l rcqu1rcd. 
As no1:cd by H1r;uch1 9~ (179) anc' :<o,/0(370) 1t 1s 
nccocsary to reduce tile ;1art1clo concentrat1on of an ei'tulGo.on 
to a su1table level for count1n~ by d1lut1ng 1n at least two 
staceG. The cr1t1cal CJJ.ccllc conccntrat1on (C!lC) of cotr1tndc 
1n 0.151f lJ G00.1UlJ chlor1dc 11as s!lO'dn to be approxunatcly 0.003 l1 
Accor<i1nr;ly 1 : 1000 cc1lut1ons of ,;he ::;yst-on under 
cxar:lll1C:.tJ..on uorc prepared 1.11 sal1.nc conto.J.nJ.nG cJ.thcr 0.03 U. or 
0.0003 ~ cctrlr.tJ.de. These pr1mo.ry dl.lutJ.ons ~1erc i:cpt 1.n plus tic 
stoppered tubes 011 o. sloHly rockJ.llG to.blo [..t am01. .... nt ro01.1 tcnp-
craturc (2~ 0 to 2G 0 ) unto.l rcqu1rcd for analyGJ.s. Tlns techn1quc 
v;a.s found to be suffJ.cJ.ont to prevent crew ... 1.ns of a clJ.lutcd 
prep<?rettJ..on iJJ.thout undue n.crn.t1on. 
Secondary dJ.lutJ.ons were prepared and st1.rrcd wJ..th a 
constan-c &peed st1.rrcr roto.t1.n_r; r.t 187.5r.p.r.l. for o. ::noun t1.t1e 
before count1nc. 
,•!hen tJ.1c pr1::rary clJ.lut1on 112s 1.1.::tdc 111 0.3 H cctrlmlc1c-
sallnc the .s1zc analys1G obta1ncd '~.'lC'.S 111 reasonable uerccucnt 
1nth that obta1ncd fron other >1ethods ().2); the concentration 
of cotruuc\c 111 the sccond,lry d1luto.on apparently ho.v1ng l1ttle 
effect on the state of do.uper31on. 
!Io /CVer, experJ."entally 1t "aG found GhD.t agcregato.on 
occurred 1n nccondary d1lut1onn prcparecl fro1.1 0.0003 !! cetru11de-
saline, 1.e., below the CMC. A scr1cs of s1zc analyses was 
obta1ncd undel' closely controlled conc1t1ons of t1me, tempera-
ture und nt1rr1ng rate to 1nvestJ.go.tc the 1nfluoncc of cctr1r.11de 
concentrat1on on the apparent s1zc of the aGsrcgates, F13 3.3. 
On a loc<.lri thole sco.le there 1s a l1nco.r corrcln t1on bctvwen 
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the o.ppo..rcnt 11cnn 11 part1clc" (or o.csrcso..tc) s1zc n.nCI cctrJ.nJ.clc 
concentro.c1.on over three orders of llCJ.GllJ.tudc, F1.c ).4. The 
lnflc..::J.on polnt corrcsponCs to the conccntro.tJ.on of the pr1no.ry 
d1lut1on, there oo1nG no cv1dcncc of .:w 1nflcxJ.on nt the Cl1C 
(0.003 ~). 
SulCc th1s tccl1>1l'J.UC rcqu1red n':lout 30 rnnutcs for co1.1plct1on 
1t ,IJ.S not GU1 tcd to a otuC:y of the accrccnt1on rnte. Accord-
lDGly, the proccdu~c wo.s n.borov1atcd ~y countJ.nG o.t w1.dcr 
threshold llltcrvo.ls to cacblc o.n n.no.lysJ.G to be ncJ.de 1.11 4 to 5 
NJ.nutcs. The rc.sults of thJ.s cxperlbtent arc shot.Jn 1.n F13 3.5. 
Tl11.3 procedure uo..s o..~o::~ted for the subacqucnt J...nvcstJ.GG..tJ.ons 
of flocculntJ.on effects 111 other cr,ulsJ.on .Gy.stcms. 
Thlc p~~t of the lllVCGtlGO.tJ.on ho.s been reported lll ecto.il 
elsc·.Iherc (147) but 1t Cccn bo concluclcd tlwt n vo.l1d cct1r.1ate of 
the s1.zo dJ.strJ..butJ.on of cctrJ.mJ.clc ct:-tuls1on cy.stc1'1G c.:1n be 
oJto..J.ned 1f the prlTID..i"Y d1lu -L1on lS 1.wdc 1n col1no conto..J.nl.nG 
the enuls1f1cr above 1ts cr1 olca.l r.nccllc conccntrvo1on (loO, lol), 
Cctrlrtldc '.!D3 also found to be nuJ.table for c.1lspcrsJ.nG the cctyl-
pyrlfi L11ur1 c11lor1dc and. bcnzo..l::on1ur1 chlo..cl( c sys tcr.J.S. 
(b) An1.on1c cyster.JS 
The ~nlon1c system 1nvcsticatcd (Table ~.l) cont81ncd both 
dioctyl sod1um sulphosuccln,nc (DOSS) nnd ood1un lauryl sulphctc 
(SLS) ac crml:e1fJ.crc, DlDJ?CrsJ.on of thlG sy.stcn 1n 0.9% H/v 
soCiiun c:11oridc solut1on alone proved c1J.I;lcult ancl the o.ddit1on 
of enulslflcrs Vl<l.G abO.lll CXD.r.nned • 
Us1nc the oc.1mc expcrJ.f'lcnto.l tcchn1quc o.s that UGed to obto..1.L1 
the dnta sho'm 111 F:c,; 3.5, cl1spcrs1ons of DOSS/ll/0 ;rcrc nade 111 
sc.lJ...ne conta.lnJ.nG the o lUlsJ.ficrs at, (n), the sar.w conccnt.!."'D.ClOll.f 
and (b), one tenth Clld (c), onc hun<lrc<lth of thc lrtJ.tlol 
cone en trat1on. The chan.:;c of .lco..n s1ze lG shO'.J..l as a funct1on 
- 7'3 -
of t1uc 2..11 li'1;; J.G, curvcc A, :3 c1nc.1 C. It .nll be seen th& t 
tl1crc 1s ~n 2)p~rent 1n1t1Jl 1ncrc~se 1n s1zc ~ut nll the 
dlnpcrslons ultJ..nctcly r;:>ve the sa:-1c f1na.l w ... :.n s1zc. For tll1G 
reason 1t Has cons:Lclcred tho.i... t11c co~1dli:lons 1/CJ.."'C l1kcly to be 
less cr1 t1cal. 
1scC: ns 0.9% sodl.U1,1 chloJ.."l.de C0.!.1'lD..lill.L1G the er~.ulslflcrG c .. t the 
sane c onccntra t1on ,}.G 1~1 the orl.Glno..l propo.ra t1ons. 
A 1)rnct1cc..l po1nt of lL1tcrcst concern,:, f1l"lrDt1on of the 
dlspcrSlO:l ocd1un. Clarlf.Lcction of the solut1o11 us1nc H1ll1-
pore (cellulose acetate) 1.1e11br&ne fllters proved ll'lposslble, 
bo.ckcrounti counts incrcnslnc after each pa.sca.~c throur;h t~1e 
fllter untll eventually the colutlon appc.:red to be turbHl. 
IJo c1fect o~ tl1c mctili£nne could be detected althouch 1t 1s 
pocs1blc tha.t i..h1s Golutlon l.G capoblc of Cletoch1ng smo.ll 
pa£tlcloc fron the b~ck of tac ccllulocc acetate pad, u possl-
bl.llty confl::."!lod 'oy H1ll1.porc Inc. (personal corrr'IUnlcntlon). 
!Io 1ever, cl:J.rlfJ..c._•tJ..on wr.s a.cln.cvcd us1.nc .:::t 'J.:::tctcrJ..a-proof 
Sc1 tz pcd a.nd ::; olu t1ons ',Jcrc even tuc.lly obt.2incd r1 th bacJq;rounc~ 
part1clc counts co~porablc ~o those of other .lctcrials passed 
t~1rouGh l'Oi 1brc..nc f1.l tors. 
(c) FonJ..onJ..c .S7btens 
The effect o.l clcctl'"'Olyte woulU ap_:JCD.r to be general n1nce 
1.t u.::.'s also notccl .fol" t.lle cctonacroc;ol 1000 prep.:::..r.::ctlons. 
Accordl.nc-ly -chc n<ld1.tJ.on o.L cctono.crocol 1000 to sod1.um chlorJ.3 .. 1C 
solutl.Oll H8.S D.G<J.lll 1.11V8StlgaCed. The sn..L:w expcrl.JJ.C11 tal 
tcc:1n1.quc -:v G c, ~ploycd, the alnncc of uec.n s1.ze b01.1113 folloucd 
as n functlon 0f t1.nc. The results of th1.s expcr1.went arc 
shO\J:J. 1. ... 1 FlG ) • C,, curves D, E. F c.ncl G. The resu.l-cc clcc::rly 
l.J.1dl.CDtc that there l.S an effect due to the conccntrJ..tJ..sn of 
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r.i'he decrease l'1 J.lCCCl GJ..:::;C: J.HC.. tl1c .l..;.ct tlL .. t 
sub.s tnntJ..c-lly t.nc GL?..JlC rcsul t after abouL four :1ours sucGccted 
Th1o conccnt:!:'~tJ..o!l dJ..G LHJreforc selected 
for Coulter Counocr GlZC o.nalyccs of the CBJi ,Jcrlcs (Tabl8 4,1). 
~ .3 .3 Stt:ndarc~ tccr~.n1g_uc ,n t!1 the Coulter Counter 
(a) In1 "c1.c.l !JJ..G')CI'&lon 
Hlcro.scoj_1lC nxo.nJ..no.tJ..on confJ..r1.1ed tl1.:...t trJ..turatLon uJ..th 
c:>nhydrou.s Glycerol ~r_:.o o. sat1sfactory r,co.ns of C!lGpc.rsJ..nC o.ll 
A 50 ~~ .S2. 1:;)10 res taken fro''l the lW.tcrJ..nl VOlllC D. probe 
o.nc~ c~ccuro..tcly /ClGhccl on a lf'Jtch r;lvss. The G.:t11pl0 \/.J .. s G loHly 
t£'J..turatcc! ~11th lOO .1~ Glycerol USJ.llG a. ca:-wl :1a1r !Jru.sh or 
flo.t bla(cG. G00;.1ntula c:.nt"; the d1spe:::-sc nt-solJ..nc n.dclcd before 
J,1D.ln.nc up to a )0 Lll volu~~c. Tl1c clJ..lutJ.on r::.s shaken o.nC::. 
subJected to ~ 15 sec. burc~ of ultrasonlc rndlat1on bcfo~c 
ploCJ.!1G the plast1c c-voppcrcd tube on .:t slo rly rocklllC table. 
1-11nutcs the ultro..so.n1c trcatncaG hncl no detectable effect on 
the size dL:;trlbutJ.on of t~1e sanplo o.nc.l o.::1y effect thereafter 
'IUS only sl2-Ght • 1nc ~CGtrlctlO~ of th2 ultrO..SOlllC dlspcrSlOll 
irrad1::t t1v.a to 15 wcconcls 011ly 1IU.S .fcl t to be unl1kely to 
c..ffcct the ~wo.surcd .SJ.ze d1str1bUt1on o.nc.1 appco.red to be useful 
in thot 1t d1spcrocd Slletll, VlGlblc, DBGrc~o.tcs wh1ch were 
OCC~SlODetlly notlcCC. 
b t • '24c to 2'1°) for ~t lc~nt •~rcc o.. t ar'l 1011 rov111 veutpcro. 1;urc \ . ,_, ~ ~~ "' 
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(b) Secondary d1lut1on 
Th1s was prepared by sloHly p1pett1n::; the pr1nary 
d1lut1on 1nto lOO ml of thJ d1spersant in a beaker on the 
Counter orlflce soand. The d1spers1on ;/as adc'.ed unt1l the 
count approac heel the 1ns truu1en t c o1nculenc e love 1 at the loV!cs t 
threshold ('"'-'1.5 )l cll.am, ). The seconcary dilut1on W"-B kept 
st1rred 111th a constant speed st1rrer rot<:1t1n::; at 187,5 r.p.r.1. 
for 30 clinutes (cat1on1c and an1on1c systerJs) or 1 hour for the 
non-1on1c system, 
After th1s stabll1sat1on per1od the d1lut1on was counted, 
start1n,-; at the h1ghest 1nstruncnt threshold and reduc1ng th1s 
by 0.5 )l intervals unt1l the complete s1ze range had been 
covered • ..Da.ckground counts were taken uslng the same procedure. 
All counts ·;ere taken on volumes of 0.05 r.1l, 1n replicates 
of four. The results were converted to a cumulative He1Ght 
s1ze d1str1but1on by the 1mohod descr1bed 1n the Coulter 
handbook. 
3,4 T'.lc centrlfU[fal photosecllr.!entonetcr 
3.4.1 Descr1pt1on 
The 1nstrument 1s sh01m 1n F1cs 3. 7, a an(l b, and as a 
d1agranmat1c sectlon 111 FlC· 3.8. It cons1sts of a hollow 
rotatlnG perspex disc conta1n1ng a d1lute suspens1on of the 
cr.1ulslon. The dlsperse phase part1cles, bc1ng less dense 
than the continuous phase, move rad1ally 1nwards accord1ng to 
Stokes' LaH, The concentrat1on of part1cles lS measured at 
a f1xed depth by neasur1ng the attenuat1on of <:1 beam of 
parallel light, 
The d1sc has an 1nternal rad1us of 11.6 cm and a depth of 
L 6 cr1 Ill th a total l1quid capacl ty of 650 ml. It lS ec ttached 
Fig 3.7 The c entrifugal photosedimentometer 
with lid up showing disc 
in operating condition 
J 
I 
~ 
A-----
•' '• {·· A : ... r: , .. 
F 
G c p 
J:=:~::::JE 
:"'\ 
Fig 3.8 D1agrammatic section of 
centrifugal photosedimen-
tometer c 
A disc 
B motor 
c hght source 
D chopper 
E photoelectric cell 
F amplif1er 
G servo motor 
Hl opt1cal wedge, balancing 
optical wedge, record1ng 
------------) , _____________ ----~ 
• 
H2 
I potentiometer 
I 
I 
' : 
: 
J recorder 
~ The opt1cal path is shown as a 
I broken line 
' I 
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:::.ynch:i.:'onov.G :t110tor H~rccl for tlJ.rco s:;occ~s, 
750, 1500 c1.nc1 JOOO r.p,;l, 
l1qU1c· '• ::.cc. .._)ran::- to develop o..t 750 r .p .:'I ••. ::nC n..::chnn1.cal 
fallUrOG CJ1.<.1 not E,llO\l th::; L.10t0r to operate Dt 3000 r ,p eJ1, 
the use of th1s 1nstru 1-..:nt Has co!1flY\J.C0 to 1500 r,p.Ll. Stroo-
\h .... S cxtrci'oly s-cca.C:.y. 
The bean of _)c..cnllcl \lhl -eo 11cht (iron a 12 v 2Lr w nx1al 
f1lnacnt car bulb) 1c cbopJce at a frequency of 50 cycles/sec. 
cell uftc~ ~2ss~cc c~roucn lho t~n!c or th~ouch u li&nd adJusted 
T~c 'hoto-cl~ctr1c cell 10 connoctc~, v1a an 
O.tlpllflol.~, to o. sc.c·vo .1otor '.IJ.llch drJ.von o.. ooco11c1 opt1c2..l 
Tl:un, 011Cc 
th8 syctc11 lS L1 "!::v..lc..ncc -chc:cc lG .no Ct1c,n;;c of rcslst2.l1Ce of 
Ho Jcvcr, 1f 
t:w systo_. J.s unOc:.lcJ.l1Cc6 oy obscuro..t1on of t:1o l1cht bca .... l (by 
ti~torl~l 1n t11c rotatl~G t~nk) the r~slJta~cc ch~nsco nnd the 
bo..lo..ncc, Love lC_'lt or thl3 l-.J00.GC lJ 1.10llltorcd by a potcntlO-
roe ord0r. 'rho recorder, a V1t2..tron 10 ElV full sc2.lc clc.Llcctlon 
111::h varJ.J..,)l..:- Ci!Clrt spcccls, hL.s a rc.s::?O:I.::>c t1.t12 of 0.5 ..3ccs. 
'.I:hc chart 1.s therefore o.. dlJ. .. cct rcco~ccl of the clu::.n'";c 1n 
Prcll.llllC~L''Y CX:r>CrlECilts fa1lccl to rcvccl c. ,•ract1cablo 
r10thoJ for l~JCCtlOn of 8 , .... ...,01" 
-- o.J --
0'11)1<:;1 ()"1_ ~t 
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the ~cr1~hcry oi Lhc t~nk. !:.ccordJ..n,sly, J..t bcco.nc ncccsscry 
to utJ..lJ..sc an hono[:,C11ous su.JpcnsJ..on tcchnJ..quc 2..lthoucl1 the 
Tuo 1 ~,} Ghoc1L 
of f1ll1~F; the CL1 p-cy to.nl-;: HJ..tll <~llutc0 .suspo11S1on ucrc thorcforc 
con.sJ..c~crcc,. Strobosco:;_JJ..c c.::o.11.~1c::.tJ..on ('llth 0.!1 E.li.I. Hodcl 6, 
Xcaon flo..sh J.111t) cho 1cd tho..t Lh_) tan~: rcquJ...cccl .sane 30 to 45 
seconds to c::.ccclorato -eo speed fron a statJ..onary posJ..tJ..on, and 
lJ..quJ..cJ 1.ns1.dc the -cn.nl.:: co~1CJ..nuccl to suJ..rl for np~roXl.r.:J.~'Lcly 10 
to 15 soconCs thereafter. rrhc VJ..sual obccrvo. tJ..on of s~vJ..rlJ..11G 
uo.s C011f1rnc0 by plecJ..n 1 , th111 vihJ..tc ro.yon fJ..brcs 1.11 the ccnLrc 
lumen of tl1c to.a!~, bot~ close to the curf~co of the tank and 
\JDS to.~-:.J..nG plo.cc the flbi'cs vcrc bent alJ.lO& t ;>arallcl to the 
1nncr non1.scus o£ the to.nk lJ..quJ..c1. The trm1sl tlon to a non-
su1.rl1n(; st.:::tc \L'S :-1~r~::.cl by 2 ro.111.d r1 0VC:r.J.cnt to a ro..d1.o.l 
pOSl tJ..Oll, llOJ.:'l,1C:..l to t~1C !lC.1l.SCUS • 
On the other ;!.o..nd, pourJ..n[, 650 11l of l1qu1d fron a beaker 
1nto the tanl;: rotat1.n~ ·tt 1:500 r .,.n. occup1.cd a~JproxJ..natcly 4 
sccon~c and there \/as only a slJ.Ght, alr1os~ J..D?c~ce)tJ..blc, 
cho..n~;c 1n the spcoC: d.ur1n~ tha.t t1.1Jc. .3.cpeo.. teC.. obscrva t1.ons 
sho'!C:d th::t t:1o tJ..<"l~.. bc:t.Iccn collf'lCllccnctlt of pour1n;..) a.ad t11c 
novcncnt oi the suspcnd8d f1brec to a rad1.al pos1t1on covered 
a ran~c of 6 to 12 scconCs. Thls tcchnlquc hc.d the c.cva11 LlGC 
that c OIJ .. ""'!cnceJ.:c11 t of .:::; trcai,1lJ..nc flou con trJ..fU[jll1[; con0 J.. t1.on.s 
:.J.s OefJ..nccl norc p.cccJ..soly -cho.n VJJ..th the sto.tJ.onary-start ,wthocl.. 
The groo.:ccr .speed ·.r1t11 uh1ch the lJ.quJ..cl co.n be 2-.ccelcrc.tcd eo 
the sn.11e racl1.al vclocJ. ty of -chc tan::. 1LtG p;:·o'.:Jo..bly (luc to tho 
fact t:1n t the falll!lG G -rrc<-1.1 of llC]_UlC~ 1 1c13 'Jrol;:cn l!l to drops 
1.n the centre bowl of the tank. Thc.:Jo drops .1cre then thro1 •.! 
to the 11-.).tlphcry at v.. tanccnt fro11 the bo\Il ga..J..n..!.llS' h'OI.lCntun 
optical 
dennty 
(wedge 
read1ng) 
/ 
Fig 3.9 Tracing of a typical centr1fugal photosedimentometer 
record (DOSS/A/0) . 
baseline of empty tank, start of filling 
period of instability 
A-
A-B 
B- end of instab1lity, followed by slow fall of optical density 
sensitivity setting~ 1/32 
Chart speed 1 div1sion = 4 seconds 
I I I I I I I I I I 1 I I I I I I 
B 
I 
A 
'---
• 
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1n the des1red d1rect1on of uovecent. 
There wets also c1rcunstant1al ev1dence for the suggested 
1111 t1al lag of G to 12 seconds from the otart of f1ll1ng the 
rotat1ng tank. The opt1c:1l densJtyjt1uc trace of an added 
sucpensJ.on choHcd, chn.rnctorJ..stJ.cally, an ~ncrcnscd opt1cal 
dens1ty 1r11'1ed1ately after the start of f1llinc;. There follo>~ed 
u ro.p:td pcr1od of dccl1.nc, after v1hich the ciccllne Occanc sloucr. 
The chanse fro11 tllc rapJ..~ to a slou declJ..ne of opt1cal dcns1ty 
11as narked and, once ac;a1n, occurred betv1ecn 6 to 12 seconds 
after start1ng to f1ll the tank. A typ1cal trace 1s shown 111 
The upsurge 1n optical ,1ens1 ty !Joy 11ell be clue to 
swJ..rllnG l11 the tank ancl dJ..splacel.ICnt of G.lr bubbles. Ho~vcvcr, 
1t seemed .ceasonablc to conclude that the trans1t1on po1nt on 
the trace c01>1C1cled •nth the onset of streaQllnc ccntrifuglnG 
cond:LtJ.on:::::. Th1s ·.ms therefore rcgarccd c.s the zero tuw 1n 
all subsequeat cc,lculnt1ons. 
The 1rrec;ular sedltlCntation patterns ( 'strcan1nc' ), 
d1scussed by rtlppon (361) nnd by Jones (201) for two-layer 
sed1mentat1on systems, arc less l1kely to occur 1-nth the hol"lo-
geneous techn1que. Jlevertheless, they have been observed 
Clones, pcr.:;onal codmunJ..catlon) ancl th1s obscrvat1.on VliJ..B 
conf1rrned wJ..th the 1)rescnt lnstrumcnt. l!ouever, they \•re re 
shown to occur only occas1onally at concentrat1ons of d1luted 
emuls1ons lOO-fold h1gher than the dilut1en \/h1ch produced the 
naximun rcspon::JC of the opt1cal ~~edge. Repeated observat1on 
of nore usable d1lut1ons fa1lcd to pro,luce any cv1dence of 
1rrcgular1ty 1n the seduwntat1on pattern. Th1s !"lay uell f1t 
in ·.nth the succ;cs tion by Burt (IfS), Burt & IC:::tye ( 49) and 
Kayc & Jccl:son (209) that a cr1t1cal concentrat1on ex1sts, 
belo," wh1ch tlnn for.1 of lnndered or 1rresular settllllG 1s 
unl1kely to occur. 
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(Po1nt B, Fig 3,9) 
The movement of the opt1cal 
wedge w1th 1ncreased concen-
trat1ons of a dispersion of 
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3.4.) LlncarJ..ty o.r the norvo-u.ssJ..stoO optJ..cal ~1ndcc 
opl1cal dens1ty of 0.1, sr~duatlDC to CG1plotc clar1ty (Coulter 
ElcctronJ..cs Ltc~., personol COll:lUUJ..c.:.CJ..on). Althouch the 
uscblc port1on of the ~TCC [;C uc..s 1,::.rkcd 1..1 c,c;_;recn of rote:. t1on 
(0° to 270°) 1t 11c~ 11ot l ~ tl ~ ' 1 t .:...:.:....: c oar l.L 10 '.lCLtCC J..ncrcr:.scc 1n c cas1 y 
Acco:-d:Lnf;ly th1.s '·HO.S checl:ccl by :w.l;:J..nG 
c..ccu.co.to C::.~lut:Lon of the o,,luls1on CTAJ/B/0 111 aqueous cotrlmJ..Clo .. 
11. volu11C of l1-50 dl of cc.ch c~J..lutJ..O:l '.Jv.s pou.rcl J..:nto th0 clcc..n 
tanl: rotatJ..n:::; :J.t 1500 r.p •. 1. c.. .. 1d the optJ..cc..l c:onslty-tJ..nc 
rclo..tJ..onGhlp follo·rcC. fo.c c feu n1nutcs c:..ftor cmuwnccnent of 
IJ:lhc op C:Lc.:-1 dcn.Sl T.,~r' c::.prc:::;::.;cd as the crwduG tJ..O.!l 
~t the cd~c o£ t~IC optlCU.1 ~/CdGC at the trancJ..tJ..on p01nt noted 
above, 1s chmh1 ~'c a functJ..on of coaccntr.:.tJ..on 111 F.L_r;. 3.10. 
l'l:o 11nc.:-rl ty of the ICdGC uoulcJ u.p_Jccr to be se cJ..sfo.c tory 
2.~.1e1 .wvcl!cnt of the ucd.:;c cx1JrcssccJ 111 c~cGrcco J..G n d1rcct 
funct1on of conccntr~tJ.on. The ll11Cd£lty bet Jccn conccntratlon 
o..ncl rccordccl opt2..cc:.1 C:cnsJ..t;y 1s also po..rt12l cor:.f1r.w .. tJ.on thc.::.t 
JlC .. ':Jurc.lcnt of z\.]ro t1r10 .fro1,1 the transltlOll po1nC bebJccn 
2.:'0..).icl anr~ slo·r c}~cn.:;cs on t!h .. chnrt h2s so.1c real •. 1CO..lllll0· 
3 .t~.Lr S tc.u1clord tcchn1qu0 Hl th the con tr1fu;:,-u1 uhotosccJ.J..ncn to-
l .. ctcr 
lio .3ys tcno..t1c cxn. 11nn. t1on of d1spc:-san ts or cone ea trat1.ons 
uas unC' er taken n.s l'or the Caul ter Coun tcr s1.nc c t:11s appear cc~ 
to bo unnecessary. Ho.Icvcr, dlsporsJ.on.s ucrc propo.rcd 1.n 
uqucol!.s solutJ..onn of the o&~..lO c.ml.slfJ.cr and o. t the sa.rac cone en-
ri'.:1c dlS~CT3lOl1 tcch11lqUC uas Gll:lllD.r "CO that dcscrlbcd 
for the Coun-ccr. 
(b) licthoc 
S1ncc the opi:.lcc.l -JcclGC ''Jcs thro.Jn out of bo.lnncc by 
dlGpCI'SlOllS Hlth an CXCCSOlVC' optlCOl c:cnolty J_t JO.S l1CCCSSD..l""'Y 
to clll"'..ll0 CilC1l C~lG~JCI'SlO::l U11t:..l 1t ~12d 0..11 optldUH optlc<:..l 
donslt-y. rhlS l:::tG G.ChlCVCc1 by UC tchlllC a c1J.lU t1011 \V:!. th D. 
stanclc.rrl usll1G o. H1lccr D1ochcn Absorpt1onc-cor. I'ho ll1Gtru-
;::cnt u:::o o.cljustcd to o rcc".CllnC of GCf)j transnl3Slon \/lth a 
stnnc\:•rC ;JUGpcn.slon contD.llllllG 0.1 1:::; ko.ol12.1 (Spcsuh1to, V c~ 
H ;:retc~o) per nl l!l l.o;~ so0lu,;. polyncto.phospho.tc (Co..lso11 S) 
s olv t1on. D1lu tlOllG of the 110 tcr12.ls unc!.cr cxnr-:.1n,..1, t1on ·.Jcrc 
oclJUS teC to GlVO 82 to 9Cf;j trc:tnsr.1l.SGlOl1 on t110 Absorpt:.1m1ctcr. 
111nutcc 1 rUlllllllC fron the cold Jcfo2c l""'CGponc~l:n-;. Accorclln::;l:-I, 
the tc:.n~;: 'lc...1S cluo.~c<J v.nL f1llcC: Hll .. h c1l.JtJ.llcd uo.tcr •. f1tll 
the t2.nk runn1nt:; u.t 1:500 r .p.k. t:1c lJ:::I:!. recorder oJD.S uclJUG tcd 
SO tlMt, Wlth the GC>lGltlVlty control o.t l/:J2nd GCllSltlVlty, 
wovcrJcnt of th~ ucd;:;c fro.: 50° o.nc~ 250° .12.3 o. full ccalc 
de flee "Cl on • B~cc l1ncs at the ~1fforo~t scasltlvltJ.eG \Jcrc 
cstobl1shcd 2nC:. the rccorCer cclJ.b.co.t....:cl by ."l<.lnual IlOVCl!cnt of 
the ~)alJ.nCll1~ opt1cc:.l 'JcCc;o. Tuc tQ.nl: .!O.G then :::;top_):::c.1 , 
o.JptJ.cC. and Tc-rvn w1th t.lc ;_.crvo LlCchnnJ.G:'l '~ctJ.vc' for c.t 
In tl1c :..1co..rrtlllC Lr50 rll of the d1lutJ.o2.1 'lC::..S 
propn.rod 2nd poured 1nto the cnpty tanl-c. S1r.ml to. no ou.s ly the 
cho..rt \IO..G :::;tartcd o..t ltG lHJ.XlLJUil speed cJ.nc.l the l/32nd scnsl-
As c1J..:-cvGsccl ec..rllcr, tlillllG of t~1c run \/2,8 
conncnccd at the 011cl of ~cl;.c lnltlcJ.l upsurco ~)ho.se (Po1 .. 1.t J3, 
FJ.G 3.9) a~~ cont1~ucd untll lh0 boso l1ne \~3 rcgo1ncd; 
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T~~lc 3.2 A ty~1cal cct of results, obt~J.~cd eurJ.n~ the 
ccn trJ.fur~n.~toscc' l.I:Icntn t1on sJ.zc ~::1al ~ 
o-f CTJ..0/3/6o 
Frou Stol:cs' L;::11 
R2l ~ r:ncron 
n ° I 
-'.~1 l 
.n1e:-c 7 = 0.2345 " 10-2 polscs, l! = 1]00 rpn, R~ = 12.35 c;.1, 
.R2 = 10.80 Cd, !~ = o.J843 1 (2 = 0.9970, t 211 scconc1s. 
D2 = 724.94 
t 
liD.xJ.nun cb.;-rt rco.Ol!1g (po1nt 3, F13 3.9) <J.t l/)2ucl scnsJ.tJ.vJ.ty 
= 43.:1 :: 11:9° o.1 Hcdso. 
lletXlllll:l (zoro) e~t 1/Gtll sonoltlvlty = 4;, - 73° on HCdijo. 
:.1vc:.d...Ln::._~s fron c~: .... :_"tucrc ~onvcrtcC. i..o dOVCJll.]llt of -c .. 1c opt1.co.1 
!.SCJ.UlV. I T1.r.1c l .. ~::.cortlcr Ch:.ct-;~iO~c1"2;-c: Jcc1c;c hovcl-.'2nt of lp.::r~lclc! 1 u0.~.1oJ.tJ.v- 1 .._~cc:c1-\vo.lu0i qovc-l ·JC~GC. aG ;j 
lc;lcc!\Otcrl , lty ! l•1G ~· ,,ont j of totet1 
! 11 hr/lcln/sccs , _____, I [ 
:n.;,2 I 6.1 1/)2 42 ; 14C ?3 96 .z ' 
' G.oo : 12.:; 1/32 41 :143.5. 70.5 93.0 
5.G6 24.5; l/32 40 .1~1 I GC 89.5 
lf,C'O 1,9.1 l/32 39 113J.';> 65.5, 86.2 
2.:33 l 30 l/32 32 :136 63 82.9 
2.00 3 16 l/)2 36 130.5 57·5 75.6 
!1.41 6 33 l/32 34 123 52 68.5 
1.00 13 ) l/32 31 117 4~ 57·9 
, 0.707 26 10 l/.J2 26 lo4 31 4o.G 
I 0.500 52 20 l/]2 24 99 2G 34.2 
1 0.35~ I l 44 40 l/32 19 86 13 l?.l 
o.25o 1 3 29 2o l/32 17 s3 10 13.1';> 
0.177 I G 53 4o l/o 59 So 7 9.2 
1.125 ! 13 57 20 1/8 51 77 4 5.27 
o.oG34 ' 27 54 4o 1/o 45 1 73 o o 
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Fig 3.11 Plot of results from 
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3.12 Size distributions of CTAB/B/60 
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po.ctlclc Stol~c.s' c'l::..nct::r. rrhovc H-.:rc lllottod o~l lo~. rrobab-
1l1ty paper an~ ~ Jnoothed cu~vc JucO to procont results for 
3.12. 
J.5 ~l~cuosJ.on Jll~ coacluoJ.ons 
!.To one po.rtlclc s1z~n£' techn1quc 111 J.3olo..tJ.on 1.s a0cqu.J.tc 
to cover the; 1 Tlc~e r'-'nc,c o.f ~Jn.c t1clc s1zes Hhlc~ GJ.a occur 1n 
cr.1uls1on sys tone. 
ho..d o.clvcnt.l:;cG. 
of SJ.ZCG <::40 t~l..] ll,_;llt dlCl"OSC0~2 but th::; CC'J.ULJ..1'_, r..::..tc lS G' ..-'Ch 
thc.t t:1c s'-npl1 .. 1-_, o.t·.cors .:..'..csocJ.ateG. u1th -:J.crooco~y c:rc lu..I'GClJ~ 
po..:::·t..Lclcs ~Jrcccnt L1 the .1oc'cl. 
As Toulc. be J.UtJ.cJ.:pc.~cc~, 1 t uo.c o.. :;oncrnl c:xpcrJ.cnco thet 
Follo~nn;~ the 
sho·,,n 1n Apgc.tldl:: THo J.t o.ppco.r cC rc<."tGOilCLJlo to .. 1orno..l1.sc t.hc 
tvo ::·esults 1.1 orc1or to dcflJ.lC os closely D.G possJ.'.Jlo the !llC1 -
JCf,6 _oroba0illty ()6). rrl110 proce0urc YlClt.ed CO.t13J.Stont 
results 1.11 o.ll Jut tne DOSS scr1es. In th1s systcn .::s the 
per1.oe o.f ul tro.son1c J.rrad1. ... : t1on H<:.. s 1.ncren.s ec1 the Caul ter 
results Lhc ccntr1.1U~c 
results ln0J.cat,.,;cl a 1')ror,rcss1ve rcc1uct1on 1!1 po..rt1clc s1zc 
30 
20 
10.0 
7.0 
5.0 
4.0 
3.0 
2.0 
1.0 
0.7 
0.5 
0.4 
0.3 
0.2 
O.l 
Particle 
diameter 
~) 
Fig 3.13 Particle size distributions 
obtained on tw o£ the 
DOSS series 
A centrifuge DOSS/A/LS 
A centrit:uge DOSS/ A/l20 
0 counter DOSS/A/LS 
e counter DOSS/ A/120 
c~ulative percent weight (probability scale) 
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an C. cl~s trJ. bu t1.on. The s1.zc CJ..strJ.butJ.on of the tt'/O extreme 
mewbers of th1s rer1.cs D.i"e shoun J...n F1.r; 3 .13. Ll[.;h t I:tJ.crosc op~r 
confJ.rQcd that the ccntrifu3c results were valJ.d, no part1clcs 
) l )l boWG ns~blc in DOSS/A/120. 
appear that the dJ.spcrsJ.on systert in electrolyte descr1.bod for 
thlS SGrlCS V/QS not suff~c~cn t to proven t accrcga tlon. As 
shmrn ~n F~G ;5.0, t!w c1~1ut1ons all y~eld the sc.rue 1:1ean s1ze 
11h~ch ~n fact ~s larscr thc:n the 1n1t1al Vcllucs anc' ~t secus 
lJ.kcly that trn.s J.S D. nanJ.fcstnt1.on of ar;e;rc:,at1on bchav1.our. 
3.6 Suronar.z 
1. A eetuJ.lcd comparat1.vc sJ.zo analys1s of a codcl 3.2 
uystcn confJ.rnc( 'Lh<lt sub-raJ.cron po..rtJ.clcs l.rlcrc 
present. 
2. No one .1ethod of s1zc an<J.lysJ.s o..p~cD.rcd to be 3.2 
adequate to cover the w1dc ranee of ~art1.clc s1ze 
that ccn cx1st 111 o.n c~_:~uls:!...on s::rster:1. 
3. Extrapola t1on tochn1quos y1cld scr1ous undercst~,1a tes 3 .2 
(151) 
of sub-nlcron pn~t~clcs. 
4. A conb~nnt~on of Coulter Counter and ceotrifuGnl 3.2 
photoscd1.mcntm,wter offer the best :'lonns at present 
o.va~la'Jlc for sl.ZlllG cr:J.ula1.on systcns. 
5. The necessary presence of electrolyte cnus0d floc-
cnlnt~on and accrcGat~on effects to 1nfluence results 
obta~ncc1 fro:o the Coulter Counter. 
G. The3e coul~ be overcome by the add~t1on of c~uls~f~cr 3.3.2 
but cond1.tions ucrc sho~rn to ~Jo cr1t1.cD.l. 
7. The centr~fu::-;c.l photoseduJentoweter could only be J.4.2 
enployed UGl.UG ,J. homogeneous suspcns1.on technique. 
or 
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1\:tbl-.: 3. 3 :1~-~lclo GJ..zc c~lstr=!:-?~tJ..o~1s of c..ll the_ 
QlGJ:r~lO~G CX2~lnce ,D t.llS lllVCGt.-l~~tlOll, 
f.:~~ E._ OF· ic..ll.:3~.?s-p:.--o-u-. .l-cll"t"Y plo t.-S o.l 
_L~~.£_-~VllLll~tlVO UCJ..g11t ~~~.='tr_:t-JUtl_?_:~~ obtOll1Cd 
by Coultc~ C0unlcr ~n~ cc~trlfU~Cl.l 21otoCCc~:Crli:0~1vf::.r. (y:J7r:Ul2tlon~ To.'ol2 l1.1pq:a..) 
--------.- ---- ----- - ----
------l - - ----------Co(1c DlGJ?CJ."OlOll lh.-0.11 SlZC St.::-~H, .. .'.CC~ s ... 1cc1fJ..c (p) dCVl~tlOD svJ.~.ro..zc arcu. 
(1'1 £·-G.J..s ),_.l,S u plv._,c) 
------r- --- - --- - ------ -- - ---- ----------------
CTA_J !. LS v.50 2.00 0.2390 
Go 2 ,lfO ~-·33 0. ~979 
------ - --c rr A.J 3 LS :J ,lfO 2 ',- 0.4519 •.J.J 
0 5.00 l.<;lr o.21.l6 
5 1.90 2.]7 0.7Lf73 
10 1.90 2.53 0. 731f9 
1] 1.80 2.~j 0.8625 
20 3.00 I 
2.40 c.45c;1, 
25 L90 2.90 0.3976 
30 4.00 2. )lt 0.]0]3 
lf5 2.50 2.1G 0.5212 
Go 2.20 j.J7 1.02]7 
120 1.15 ).22 1. :/~:; Lr 
G1fA...:> c; LS ).jO 2 • Lf·..) 0. '/597 
D L" ,o ).30 2.27 o.L1169 
E LS 3.20 2.27 0. 6279 
F L.o 3.20 2 .L;4 0.4643 
u L:..) 2.90 2.1L 0.~)32 
I! T r ~-o :;.3o 2.j7 o.:;GG1 
I L" 
'" 
lt .oo 2.)1 0.3357 
J LIJ 2.10 2.19 0.6472 
-- LS 3.00 2.20 0.4]82 .. 
L LS J.90 2.13 0.]3J5 
l' LJ 4 .l, 0 2.1u 0.3000 
lf LS 3.00 2.20 0. L~5J2 
0 LS J.50 2 .11, 0.375) 
p L3 2.00 1.90 0.)919 
(;1'l....J L/L LS 2.90 2 .07 o,L,39J 
I1/L LS 4.8o 2.]9 0.2993 
J/L L.S 2.70 2 .2, 0. '.901 
C/L LS 3.30 2.12 0. 3009 
--
CPC A LS _5.60 2._,~6 o. ]nJ 
(;pc; 0 0 5 .... 1-0 1 • 9c .> 0.22.>0 
1:J ).30 2. 7:) 0.512] 
20 :;.oo 2.1:0 o.4il17 
25 2.20 2.82 o.7G:>4 
I 30 2.00 ).CC O.')y]7 
45 1.75 2.51 o.B562 
Go 1.70 2 r) 7. ,o;; 0.9Lf20 
120 l • .)~ 2.J5 0.9695 
' 
CPG c LS 2.10 2.00 O.]J5~ I 
0 • .)31~5 ' D LS 2.00 1.90 J - - 2.o0 2 .2.) O.'f::,1j .. :u~'1\ Z A LS 
c ode 
,------
'i l :c--" 
! 
' 
,_-
')::.> !DO 
' D:!...G)0!."'3l0ll 
------~- - ----
A LS 
0 
15 
30 
60 
120 
Jl .LS 
I 0 I 15 
I 30 60 
I 120 
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Ecc.n SlZO S tc ::J.0.c.."-J.."(; S::cclflC 
( Jl) C
1 CVlC'."LlOll Gurf:.cz arcet 
C1 I_; 
clls~J:;rfB ph::::- se) 
----- --1--- ----;;- - -
2.50 2 .G4 O.G21To 
l. ?:J 2.115 o. 7295 
3. c:o ].333 0. 6692 
1.90 2.32 0.?1:73 
1.75 3 ,OJ 1.0018 
2.10 i 2.33 o.6?GO 
l.'JO 2.00 o. Gl~)? 
2.20 2.28 0.]91: 0 
:;.eo 3.27 o. C61f 3 
o.so 2 .G9 2 .o432 
0.50 l.GO 2.18~5 
0.31 1.29 3.3?,)8 
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~r!-I~~~J.BIO ... I 3Y,YJ:.L;.llS U11J)EJ1 ::E?n7ES!.P-!GATI{ ~~, 
-ll•D 1""'~~0PE_L~I~S. 
u,l Introductlon 
4,2 Eateru1ls employed 
4.4 The denGJ.ty of the d:tsperse phase 
4.5 The ,1enslty and VlSCOSl ty of tlw contJ.nuous phases 
4. 6 HcthoN> of euJUlslflCD.tlon 
4, 7 The a~1pea.cance of the enulsJ.ons 
Lf,8 The relatJ.onslnp beh1een concentratJ.on and partlcle shape 
4.9 The theoretlco.l cmd expcrJ.,nental emulrnon densJ.tJ.es 
4.10 DlSCU.SSlOU 
4 ,ll Surmary 
4,1 IntroductJ.on 
Iw.:.-c of the ceLll.GolJ.C: et.1UlGJ.ons used as veh:tcles 1;.1 the 
pho.rmaceut:tcnl o.nd cos1.1etJ..c industr1es are of Haxy r.1ater1als 
lll aqueous solutJ.ons of surf~ce actlve ~gents. Any s tud.y of 
relevance to the industrl&l appllcatlon and preparatJ.on of these 
syster1s shoulC:: of necess1ty be conf1ned to t"latcrJ..als of coruner-
Clo.l orl[;lll si.nce these .::re used 1n practice. As noted (2,2,1) 
so ne hlGhly purlfled r.1a terlo.ls nay GlVe (lJ.fferen t experJ.men tal 
results fro11 the cor.1r1erJ.cal varJ.ety. 
A survey of boolm of reclpes and formulae avaJ.lable over 
recent years shelled that hlc;h qualJ.ty paraffln oJ.ls constJ.tute 
the conmonest oil phases enployed. J.n pharmaceutJ.cal enulsJ.ons, 
Thls lS r.minly because they are J.nexpenslve, J.nert, stable and 
readlly avallable. A var1.ety of Hnxy nc..tcr1als c_re used but 
one of the 1Jost frequently used lS a rn"ture of sollCI ullphatlc 
alcohols la10.m ll1 conmcrce us cetostearyl alcohol. A oD:ture 
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of paraffl.n Ol.l &ncl cetostearyl alcohol HD.G therefore a sinplo 
and approprJ..c:.tc r:.odcl D~.rste£1'\ upon u~1lc.h to l·rork. 
The choJ..ce of surface nct1.ve arrent as er.1uls1f1.er J..s 
houever ex:treocly uJ..de. It becm:te clear the..t SJ..rJJ.lo.r enulsJ.on 
systems could be prepare cl \ll t:1 the snme clJ.sperse phase but 
usJ.ng a HJ.de varJ.ety of clJ.fferent types of surface actJ.ve 
&r;ent. Hepresen ta tJ.ve r.mter12.ls were therefore selected fror.t 
each of the three ,,JaJ.n groups (391 1 ]92). 
L~.2 SpecJ..fJ.cat, ons of mnterJ..als e.Lrnloyed 
All ma terHlls '/ere obtaJ.necl fro,,! the warehouses of Boots 
Pure Drur; Co. Ltcl., Hot tJ.nshan. 
LIQUID PAi.lAFFIH B .P. (Bet tch Dll) ( Jurmah OJ.l Go,) 
K t ' c "7 .8°) Bo,r_ t t ' · ht 1nena J..c vJ.sco.sJ.. ... y ,.., v cen 1.s o_:es, weJ..~ per 
ConplJ.cd 1nth Phctrne>ceopoeJ.al ll.l~its for carbonJ.s<lble 
substances, solJ..d paraffJ..ns nncl .sulphur coj"lpounc~s. 
LIGHT LIQUID PMIAFFiif B .P.C. (Batch 37469H) (Purofl.nol Lt0.) 
lr t t (37.8°) ~J.ll8~J J..C VlGCOSJ.. y 
Co11plJ..cd HJ..th lJ . .r11.t tests for carbonJ..sable substances 
and sulphur conpouncl.s. 
CBTOSTEA!<YL ALCOHOL B.P. (Batch 301013!1) (Pnces (Bronbor-
ouch) Lttl.) 
Acetyl value 181, Io~J.ne value 0.2, SaponJ.fJ.cation value 
0,8, SolJ.dJ.fyJ.nc poJ.nt 49.8°c. 
A ty:;Jl.Cal analysJ.s by gas-lJ.qUJ.d chromatography 
(D. A. ElvJ.dr;e, personal coru.mnJ.catJ.on): approxJ.r.mtoly Lf9% 
cetyl olcohol, lf5% Gtearyl alcohol, :.>% myrJ.styl alcohci!, 2% 
lauryl alconol und l)j of f~vc, u111.den t1.f1etl, Inno.c· cor,ponents. 
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CETRI1iiJJJ: B.P. (Bate!! :54940Y) (I.C.I. Ltd.) 
CoiJpllcd Ill Gh llr.n ts on sulpho ted cwh o.ncl c lccrl ty of 
solutJ.on. When exo.rn.ncd by cas-l~qu~d chrona togrnphy us~ng 
the 1.1ethoc' of Lo.ycock C liullcy (239) the sco.:Jple HC:G found to 
contaln tiw follo''lllG honolosues: C(l2 /l.5, C(l4)69.0, 
C(l6)9.0, C(l8)0.5% H/H (P. Henry, personal CO<OlllUnlcatlon). 
CZTYLPY,UDiiHUl\ CHLORIDE B .P. (Bn tell 46103 S) (F. I. 0erk 
Lt::d). 
Asso.y 99.1%, ChlorlC'c content 9.9~;, HeltlnG polnt 82.6°, 
LosG of HClGht J..U VD.CllUl'l 0.41%, Sulphc.tecl ash 0.05~;, 
BZrTZALKOJH1ni CI!LO~UD:C J3 ,P.C. 
A SD.r!J?lc o.f Onyx )O,j Solut1on U .s .P. [~r2.dc rccclvcc1 frort 
O.cgc.non Lc.bor2 tor1cs Ltc'. 
SODI1Jii L!~U,{YL SULP!i.\'i'Z 3 .P. (Bn tch 64120 G) (Nnrchon 
Products Ltd.) 
Assay 90 .1;;, rrotal nlchols 59. 97~, Sodiur.1 chlor1de 0. 73?;, 
Sod1.u11 sulph..l-ce 3 .l7j~, Unsulphol1o.-ced nlcoholn 0.95;, 
Complled \ll th lu:l t on free allw.ll. 
DIOCTYL .30!JI1ni SULP!iOSliCCil!J\Ti: (BJ.tcll 64196 G) (100/i 
11ater1.:tl, shrcC.cled, Hard1.1on 0.11d Holde11 Ltd., as lw.noxol 
OT (lOCf;~)). 
c;;TOuAC1'10GOL 1000 B .P.C. (Be' tch 6)312 G) (Glovers Ltd., 
as Te>:ofor AIP) 
!IycL·oxyl vo.luc 47 .5, 
··later 0.5. 
0 
Aclc' value 0.1, Neltll1G polnt 40.3 , 
J 
- 91 -
TiiiO;IE.:'1SAL il.P. (3:::. tch 57558 ''/ 64961) (Hophn and 
\hlhms lLtd). 
Glycerol Has of Pho..:rr.1u.copoe1o.l t;rade and water Has freshly 
prepared d1s t1llcd 1m tcr, 
4. 3 Forrmla t1ons 
Each fornulat1on wn& prepared 1n 200 c quant1t1es and 
stored in clec..r class u1de :1outh JO.rs \lli..:1 ncta.l screw caps 
and waxed c~rd l~ners. All prepo.rnt1ons .•ere stored 1n o. room 
\!here there uno no cl1rec t 1nle t of llGh t or he<l t anC the o.mb1en t 
ter'pC~O. turc \'/3.8 i_,CDero.lly lll 'Che r8Gl0ll 20 to 25° • Forr.m-
lat1ons arc ta~ulated 1n Table 4.1, toscther w1th the codes by 
11h1ch they are 1clent1f1c:l. The f1rst croup of letters 1dent1-
fy. the euulslfJ..er, the second the opcclflc forn:ulo.t1on and 
the f1nnl f1aurcs or letters the cethod of prcparat1on. bll1CO 
the prep:tratJ.on.s l,Jere o.llo'.lccl -co o.r;e for three to sJ.x raonths 
before lnvestJ.c;atJ..on thJ..omcrso.l Hns adC.ed as a preservat1ve to 
the preparo.tJ.ons HhJ..ch d1d not contc1n quaternary o.mMonJ..um 
c om:Jounds • Th1.s ~1as selected s1.nce 1t 1.s soluble 1n cold 
Hater, 1s not vPlatJ.le and does not rco.ct v11th the sta1.nless 
steel vessel used 1.n the prcp~rot~on of sone of the eQuls~ons. 
4.4. The dens1ty of the d1spcrse phase 
S1nce a knOI<ledce of the dcons1ty of chc chspersc phase of 
each emuls1on was roqu1red for the centr1fugal photosedlrilll.to-
nc ter s1zc analyses this uas mcasure:d at ~0° us1nc o. pyl~nOl-.,etcr 
tcchn1que. The pyknometer 1ms pnrt1ally f1llcd w1th the oolten 
m1xture of l1qu1d paraff1n and cctostenryl alcohol, tnk1nh care 
to avo1d bubbles. After allo11nc 1;hc ~lxturc to set the 
- 92 -
To.ble 4.1 The forrJulo..tlons 2.nd. coC.J.n[--; of all the prcpo.rJ.tlons 
lllVOtitlf?J.tcd. 
, L!iULSIF'I,;.'I 
'and other 
For.tluln.e o.rc by 11C1ght o.nd a.rc adJusted to lOO pn.rto 
by WC l(';:l t Ill th \13. tGr • 
! 
' 
:cone en-
I LlqUld C et os tec:ryl CODE l 
constltuents ltr:J. tlon 
' 
paraffln alcohol LLTTZRS 
I Ce trn!lclc I 0.1 10 10 CTAB/A i 
I 0.5 i 10 10 CTAB/3 
' 
' 
' 1.0 I 10 10 CTil!l/C i I I I 5.0 I 10 I 10 C'i'_'l:J/D I I ' 
I 10.0 I 10 I 10 CTAB/E 1.0 I 5 5 CTAD/F 
I ' CTAB/G 1.0 15 I 15 
i 1.0 20 I 20 CTAB/H 1.0 25 25 CTAB/I 
I 1.0 ' 5 I 15 CTAB/J 
1.0 5 25 CTAB/K 
1.0 15 5 CTAB/L 
1.0 25 5 CTAB/il 
o.:;; 50 5 c·rAB/N 
1.0 50 5 CTAB/0 
10.0 50 5 CTAB/P 
1.0 5* 15 CTAB/J/L 
1.0 25* 5 CTAB/H/L 
' 
I 
' 
' I 
I 
I 
I 
' 
I 
' 
1.0 15* 5 CT.\:J/L/L ' 
1.0 10* 10 CTAB[C[L 
Cctylpyridlnlum 0.1 10 10 CPC/A 
chlorlde 0.5 10 10 CPC/B 
1.0 10 10 CPC/C 
10.0 10 10 CPC[D 
Benza.lkon1un 1.0 10 10 BJ;HZ/A 
chlorlde 
: DlOC tyl :::;o,2lur.1 2.0 10 10 DOSS/A 
sulphosucclnatc 
Soc1 lum ln.uryl 0.5 
sulnho.tc 
Glycerol 5.0 
T:1lOn,crsc.l 0.02 
----< 
Cetonacrocol 1ooo I 2.0 10 10 CEli/A 
I 
Thimwrso.l 0.02 
Notes • Llsht llqUld paraffln 
(1) Cctrunde Crevr-1 l3. vet. c. 195:3 
( 2) Cetrlmlde CromJ :J.P.C. 1963 
()) based on for ..... ulcttlon lll 1lh1tc, (506) 
(4) based on Hydrocortlsonc CrCD!~ 3.P.C. 1963 
(l) 
( 2) 
(.5) 
(4) 
Density 
melting range 
85!. o-
0.$:) 
25 .30 35 40 45 
m 
Fig 4.1 The change of density of an equal mixture 
of liquid paraffin and cetostearyl alcohol 
with temperature 
--o.. LIQUID 
"""'0--
--<:>--
-o-
""0--
-0 
50 55 o5 70 75 
1,003 
1.002 
1,001 
1.000 
0.999 
0.998 
0.997 
0,995 
0.994 
0.993 
0.992 
Density 
Fig 4.2 The change o~ density of aqueous solutions of 
cetrimide.and cetylpyridinium chloride uith 
concentration at 25° 
cetrimide 
cetylpyridiniur.~ 
chloride 
o.99lL __ ....._ _ _.__--'---'-~-'--L.L..I---...L...-...L...--L.7,:-'-...a....J~~--...L...-...L...-.L.--;--;!-..J..-I~~.l--~ 
0.01 0,5 0,1 0.5 1,0 5.0 10,0 
concentration (g/100 g) 
- 93 -
Rcsul ts o.rc sho.1r1 ~n r.rnblc 4.2. 
To.Jlc 4.2 r.chc dc.~GJ.t1 CS o.r tb.c CdUlSlOll d2-__epcr3e 
pho.ses at 30° 
' 
D1spc:-.3c ph._, se for C!.1Ul.Sl0l1S Dcns~ty I 
I A, 13, c, D, E F, G, H, I 0.8848 I J 0.8633 
I L o.U?UO K o.SLf-98 
l 11 0.8750 N, 0, p o.3772 
C/L 0.853:3 
I J/L o.il5o0 
I ll/L o.8Gz;; 
I L/L 0.8576 
--
111 6ot.::ul fo.c the cq..1al 1.axta.ce of the tuo conpo.~.1onts over 
4.1. TllC dJ.cco!!tlnUlty bet 1cen sol1c.~ a.nci lJ.qulc~ pho.soo 1s 
T~1~ ncclJCd tl1o mo&t 
0 0 11Cc:surc:Knc g._:vc vo.luo.s of between 30 an.d 3? (1:10). The 
rc.sultc o0t ... 1J.!lcc.l 'Ilt~l theGc .1<- tcr1o.lG O.l."C deponc.1 cnc upon the 
ro..tc of !le~ ~111 ... : 2.~1l~ ;::{'..; by !10 nco.ns oh.:..rply clcf1110d. 
~.j The dcna1ty an~ VJ.scos1ly of tnc aqueous phuLcs 
(o.) Dons~t~cs 
The dcJlSJ.tJ.os of c.ll the aquoou.s phases used 111 the 
t r th ' ' ''t 27" 0 (:!: 0.1°) prop..J.rc. ·1on 0.1 c c J.;.:;per.oJ.ons .•c.ce ~wc .. nurcc.. ~ 
usln::_. n pyl~onotcr. The results ior the. cctr~1 1ldc o.dd ccLyl-
oolutlona of o~hcr su:iocc oct1ve aGents ~Icre 9rcpnrcd 

equ1v~lent to tnc conccntrat1on present 1n t~c fornulat1on, 
~gnor~ng aosorptlon effects (Table 4.)). 
(b) Vlscoaltles 
Vlscosltlcc of all the above solutJ..ons ;,wru 11cn.surcd uslnt; 
a su:o.aended l0vcl v~sco;lctcr (i3S/IP/SL l'!01A). The method of 
D.Cl'ClSh st~nclc.rC. B.S. 183:1957 il2.S follmvcd. H:Jttsu.rcr.lCnts ~lC ... "C 
The Vlscoslty of frcsnly dlstlllcd 11ate:c 
Table 4. 3. The dcns1ty a.ncl Vl.:Jcos1ty of so'lC of the 
a.qucouG ph3.scs at 25.0° 
Sur r a.c c ac t 1-;~c -=-~-::c-::P:-:. t•-r:c;;-o:-:::n-::c-::c-::11:-:. t=-:c=-a-:;t:-l-~:-:,-::1-~D~:o=-n-::s-l=-t::-y::o~-,\;-;,-::l.-::G-::c:-:o::-s::-::-l-:;:t-::y::-~-, 
% ~v/\"1 lJOlGCS X 10-..J 
Bcnso..l~:onltlJ'l cl1lor1dc 
CotoQacro~ol 1000 
Dloc tyls oc' l un 
sul-ohosucc 1na to 
• + 
Sod1.un lou.ryl ,Julphatc 
1.25 
2.5 
2.5 
0.625 
4.6 !4ct~ods ol emulslflcatlon 
0.9966 9.64 
0.9996 10.72 
1.0171 12.45 
A prcllulno.c::r invcct111.:...tlon 11ac suff1c1ent to dcronstratc 
tho..t the sGlectocl surface DC CJ_vc aconts uoro pov:crful cr.lulslfJ..crs 
rcqu1r1nG spcclallscd tcchn1qucs to produce ch:.:..n--;-os 1n the part1clc 
s1zc dJ..o~rl 1JUtlon of a systcn. 
In c:ll CQGC3 a SlP1plo GG!ltle GtlJ'.Clll[; by hdnd \llth a spatula 
Vl<J.S sufflC..LCL1t to produce an craulslon o.ftcr add1-c1on of the 
mcltccl o1l n..-1c1 cctostcc.ryl alcohol -eo a warn aqueous solut1on of 
t!lc surfncc c.c tl vo ace:l t. Slow stlrrl.ag V! aS c 0::1 tlnuod un tll the 
Fig 4·4 (a) The ultrasonic cleaning bath used for the 
preparation of emulsions . 
Fig 4.4 (b) Phctcmic:!'ograph nf Cf11A"A,/B,/120 mounted in 
glycerol , x 625 (approx . ) 
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.;o.s l1.111.tcd to the l2..boro.tor;y bencn, convcntJ..onv.l horocen1sers 
uere not co11S1dered. A r1cnna of broac1en.Ln[ the spread of the 
~art1.cle GJ..ze dJ..st~J.butJ..on ·~s sou~ht in or~cr to allod ~dequatc 
evaluat1on of the 1nflucnce of part1.cle s1.ze on t2e propert1es 
of a .systcil 1.n uh1.ch all other pu.rc::.PJ.etcrs 11ere closely controllc-d. 
~lectrosta~~c e:Iulslilc~tJ..on proceeures \!ere cx~~1.ned but 
concluclons dra.m by S nft C Frloclloncler ( 455) coulc1 only be 
conflr."led a:1cl th1.s opproo..ch HaG not co~1t1nu.ed. 
Fron -c!lC lJ.. toro ture 1. ~ appeared th...~. -c tll tro..so111.C 1.rrac:1.D-
as to coalccce (2.1.5). 
I ' 
-'+ ..... a HJ.s faun( to hr.vc o. cle,::;rec of succc&.s 
1.11 t~11s dJ.rect:r_on. :3::.sJ..cally 1.t cons1sts of a.n ultrason1.c 
clcanl.DG bath f1tt0d w1.th a constant speed 3ate st1rrer. The 
ultraso.11c bc..Ch co'" . .:lstJ of a 3:J H I~nllard ultrason1c o..r.l:?llfJ.cr 
(Type L;37) drlvln~ a l lltre ultroso~lc cleaner (Tyvc L613) at 
22 lcc/s. LI.1111::c tne o.~~pc::-, .. utus used by Slll,:jlGer &. Bevl ( 1(53) 
the transduc0r cencnted to tne baJe of tlre JtaJ.nlcss steel 
beaker ua3 o.r the l'lo.snctostrJ.ctlve tyyc. Hhen the b.zD..l.:or HC..S 
ho.lf f1llocl ·11th ll:J.Ulc, the arc& of r::J.:x:lnun cavJ.ta-c1on coulli be 
seen to be l1~1ted to the centre port1oa. 
~ 3c~l free o1l was prone to separate at tne top of the bath 
J.nd for th1s re.:.'son a [;l&ss .st.1r.ccr l :1.tc, chm;n clev ... ttcd 1n 
FlG 4.~ .a 1 v;o.s us eel to l"'81llX the t,ro .:.J21.:.sec, ~nd pass all the 
:-1nter1o..l throu~h -che zone of cuv1t&.t1on. Io 1as found to be 
pcr1ods of 1rra~lat1on proved poss1bJe becau3e the bath 
tcvpernturc ~ld not fall bclo'J 45° uat1l the trans~uccr 'lCS 
Slntc~ed off. A st.anC .]..Cc.llc3c.l p:;_"ocedurc v:o.s t}1ercforc 
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Cevolopcd fOJ." all PJ.."'e:_)c...c.::. t1.ons n.:::..de 1.n t~11.s fc.shJ..on, as follo\J3: 
The aqueouo ;_)hc,se conto..J..nJ..nG the su.cfoce e..ct.1.ve n.c;cnt an0 
other 1.n,::rcc~ lCTI ts uu.s ne a ted 0 0 eo G5 -70 and pl~ced ln the 
.J"Calnlc;::;::; .steel beaker. The welc'1ecl 011 phase was un.rned to 
r 0 
oO nncl added to c:1e aqueouG phase when th.Ls had cooled to the 
I!'ll'leC:J...J.tely the transducer u:.:.s Sl:lltchej on 
c:.nd .s tJ..rrl:ns c o.~ i ,ienc e(. Irro.dJ.ai..J..on uas co,.1t1.nued for a known 
t1.:·e, af-cer l'lhlch the t~"'ansclucer •lets cwJ..tchcd off. 
1.:.J..s cont1.nued o.t t:1c sa.!"l.C speed unt1.l the ')rop:J..ra"CJ..an ho..d coolcCi 
0 
to al.Jout 30 ancl uo.s ~Jeglnnln;; to .set to & sc • .:l.sollcl consJ..stcL'lCY. 
tne nu11bor of CJ..nutes of lrr~dl&tlon, e,g. -/0 J..ndJ..catcd that 
tnc propa.~"'atJ..on 'lD.S nacle lr. b1o ultJ.".J..SOnlc bo.th uh1.ch ~ros not 
3\ll"Cc:lcd o .. 1., -/15 lncllco.ten J...cr.c..CJ..o..t.J..on for 15 rJlnutes, etc. 
4. 7 r_r}lc ::.nnec.ro..n.ce o: tl1e C'1UlSlOllS 
clJ.sperse pl:.o..se lJ£~J."'tlcles of nn e•,lulsJ..on a.re npller1cal dro.:_Jlets. 
rloueve~-- !llcroocoplc eX2..J.ll.12.tlon of sor,e of tl'!c ):"epnrutlor..s 
descr1.bcd ln the l~st scct1on revealed che occas1onal presence 
of li'regulo.rly-shaiJed ~2!."'tlcles, l,any Hlth stra1.ght Gl.Ccs. A 
ty:;?l.Cc:tl fleld. .8!10'/l~_: the OCCD.Sl0.18..l llO:l-Slll1CTlCO..l )Ct:'tl.ClG CO...'l 
be seea 1n Fl~. 4.4.b. The ~osslblllty that thcce pa~t1clen 
uerc an e:"'tlf.:;c t lessened Hhen pa .... tlclcs on elec tron-rllcrogrc:T-~hs 
\/ere fount3 to ho..ve the sa.1e ap.:~earancc, F1:; 3.2. Axon (14) 
SU[,gen tcd that part1cles 1n an aged syster.1 contalnl.DG cetyl 
alcohol, l2.qU1d pc..l"D.ffln ..111Cl sodl.Ull laur-yl E>ulphate tended to 
hcve a crystall1ne appearance 1f the rat1o of nlcohol to o1l 
1 /0.S cre&tcr th:;.n [) : 5. An exnMln~tlon of thlD type of 
preparnt1on shaded that the part1clcs had an ac1culo..r appearance, 
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quloB d1ffcrent fron the polyhedra VlSlblc 1n Flr;s. 4.4.b and 
3.2. Prcp~~at1ons conta1n1n~ dlffcrent ratlos of o1l and 
alcohol :!...l1 a 0.5;~ cet.c1mld.e e'71.ulslon '/ere . a.de 0..11C. .stored for 
s1x .1onths. The D.p)~OXll1,;,te nuFbcrs of 1rrecular part1cles 
o..t t!1e oeg1nn1nG and end of th1s per1od t.:Vel'e SJ.l!'lllo.r and Axon's 
exlJlanatlon lG -~ot appllcable. 
AccordJngly, after conslderat1on of alocrnctlve theor1es 
(Sec101on 2.2 .4) the lqpothe3lS was advanced that the phe:lo:"'enon 
·ro.s due to local1secc close pacJ:ln[; (150). 
~ .8 The relat1on::;h1p bctl1een co,1centrat1on and partlcle shape 
The syste~ 111 wh1ch polynedro ~ere f1rst noted to any 
de c.ce e \l&a t11c. t of CT1:..:3/ .3/120 1 .. 1 Plllch the d1spe rs e ph no e rat 10 
(o nass) WQS 0.2, o"- at 25°C, 0.225 oy volume. Thus, althout;h 
l!one;:;old (2:56) had prev1ously polnted out that the theoretlc.:tl 
lllD.ltln_:j value for the close ~Jac~c1n;_; of spheres of equal dJ..ameter 
was p volu~e = 0.74, 1t was clear that the systen as a whole 
could not be close packed. Nevertheless, J.nho~oceneltJ.es caul~ 
e:x:1st ·rhtj_"'e localJ..sed close pnc~-:1ng occurred, espec1ally aG t11e 
sysL.er.l ho.c1 a Jlc~c range of part1cle SJ..zes. Such areas are 
clearly VlSJ..blc 111 F10. :;.2 1.1l1ere J.nadequcJ..te d1spersJ..on of the 
sa1 1ple has left flat-sJ..ded p&rtJ..cles adJacent to eacl1 other. 
If th1s were a val1d 2.JlC 'Lure of t!1e uholc 1ncreas1nb the 
01sperse ph:'se ratlo of a stanC'ard1s2cl .systen shoulC. l1roduce an 
1ncreaso 1.r1. the nu.,!ber of polyhedra lD the .system. As noted 
ln C11o.pter T.ro, 1t J.G unll~):ely that a otandard1sed Nethod of 
e~ulslfJ..catJ.on ex1sts. A procedure was ado]ted 1n wh1ch D& 
1'1any ,e.ro..neters as poss2.'ole •le[·e controllec: 1n orcler to nake 
a ran,:-e of Cl•ulsJ..ons of an equo.l ·11xture by .1e1ght of ceto-
stearyl alcohol aad l1qu1d ;oa-·affl,: 111 a 0.5% H/'' solutlon of 
0. 01 
0 
• 0 . 05 
• 
0. 15 
0. 20 Scale : 1 division ""' 5 p 
Fig 4.5 The pr ogressive change in the particle size and 
particle shape with increasing disperse phase ratio 
(Figures = ~ mass) 
100 
80 
70 
6o 
50 
40 
20 
lO 
0 
percent 
number 
polyhedra 
0,01 
Fig 4,6 The increase of the relative number of 
polyhedra with increased disperse 
phase ratio 
0,05 0,10 0,2 O,J 0.4 0.5 0,6 0.7 
Disperse phase ratio by volume at 45°0 ) 
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cetr1r~10e. Both phct:Jc:s ·:::::."e heated and n1xcC. at 75°. A 
S1l vers on lo.bora tory houoGe~'llSe!' Has 'lued to s t1r tht..:: c, :ul.::; 1011 
at :'1D.Xlmun speed untll 1t h::-,d cooled to 30° 'd:1en the hor'lo,:>?lllSCr 
.:o..s Sdltchcd off &n6 tlle cool1n,:_~ nllo.JeC to proceed unc11sturood. 
Th1s ~:-ocedure ,!2S e~;.plo-Jed to prepa..re lOO c sam::;>lcs of a 
nunb~.-r of preparat1ons of C.1ffe:rent d1spcrso pharn rat1o ve.cylll[; 
frol'1 0.01 to O.Jj oy ICl-:,ht. It .ns o.t .Lnt::::rcst to note tlktt 
::;;rcp,J..!."a"ClOn3 COJ.1t:tlnln,:::; a C.1s:Je ... ·sc ph&.se ro..t::!..o > j6 = 0.55 tenC.cd 
to be U:1s-cc:..ole .J..S !l~nlfc.stcC. oy sy:1crosl.s of c cle.J.r :p...:::.·.;:~ffln 
layer, 
by ~!anc:c;olC. (lac. £.::.E.). 
i'~1c lJa ..... tlcle nha.pc :Jc:.s evaluated froJ.·. Ql:oton1crographs, 
classlfylnG s~hc.c1c~l (~nd ~oun~cd) p2rt1clos and polyhedral 
400 uo1.nc a Lc1.tz Ortnolu.x r11croscopc f1ttcCJ u1th a vJc.•tso.~.1 eye-
p1rce c.:...ner::t. The actual no.c;nJ..flc<ltlon uas dctcrLllncC by 
photoGruphlJ.1G a 20 jl :;r:ul on a ·.rhona hasPlocytor:wtcr sl1de unc'.)r 
Four !Jhoto•,llcro.::._~rnphs of eo.ch sanj_Jlc 'l.n:rG 
A .se lee t2d ar,:;c: of a ~hoto',lJ..cror;ro.pn fro!"! co.ch saraplc 1.::; 
t11c Jrocrcsslve 1nc~casc 1n both part1cle s1zc and rolatJ..vc 
~unber of polyacdral pa:t1cles ~1t1 1ncrcoscd d1spcrsc phase 
.cat1.o. The rolo.clve nur:bor of polyhedra lS plotted dlrcctly 
as a funct1on of dJ..a,crsc phace rut1o 1n F1~ 4.5. and partJ..clc 
SJ..ZC J.J..btrl'uutlons a..~. ... c s::oun 1n T~Jlc 4.4. 
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Tc::..blc 4. 4 ~]'t1cs of t:1c cr-.uls~ons prcpC~.rc<l '.11th 
1ncrc~slnG d1spc~sc phaac rnt~o 
I 19 Jo1.!1.SS I o volu~:G ( Fl::_. 4.1) %nos. ::?o.rt1clc .s1zv 
' 
- -
polyhedra dJ..strllJutJ..on 
25° 45° 75° -])50 at; n;; 
L ~-;,)- ()1) 
I 0.01 0.0112 o. 0117 0.0118 0 2-75 3-20 21 0.05 0.056 0.059 0.059 1.93 3.40 2.03 13 I 0.10 0.112 0.11? 0.118 4.01 1.89 16 I 
' 5-30 I 0.15 I 0.16& 0.1?6 I 0.177 19-74 5.0 1.90 15 ' 
' 0.20 ' 0.225 o.2J5 0.236 J7.11 4.05 1.87 17 I I I i 0.30 I 0.337 I 0.352 0.354 51.54 ,4.85 2.06 19.3 0.40 I o.lfll9 o.4G9 I o.47J 70.30 8.30 1.92 21.5 I : 0.50 I 0.561 o.5G6 0.590 84.20 I 8.5 2.00 22 I I 
0.55 0.617 I o.645 
~-------------~------~------~----------~------------
o.65o 88.60 8.0 2.21 24 
4.9 The thcoret1cal &nd cxncrli1Cntal c~ulElOn dcnsltlCS 
It ~5 c;enerally acreed tl-Jat che ~nterfac~al layer be C\ICGll 
the d1.spcrscd phase and the cont1nuouG ph2-sc ho.s d1ffcrc.1t 
propert1es frou c1ther of the ttlO co.lStJ..tucnt phases (Chapter 
1~10). !iartynov ( 270) notec1 tno t tlwr,JOdyn<>n~cally tlns rccul tcd 
1n a chant;c 2n the volutlC of the systcr1, l;J.canll1;j tl1at the dcnslty 
of the ~ntorfac~al layer ~s d1st~nct fron the denG~tlos oi the 
tHo phases. He sho./Cd ho\1 tlns c~ffcrence coulc1 be used to 
calculate the approx1nate tl-11cknes~ of the layer. The thcoret~cal 
c~ensJ. ty of an baulsJ.on '·I;J.S c c..lcula. tcd a11d. c or'1pD...ccd VIl th the 
e~pcrJ.rentnl value. 
The t:1corctJ.cn.l dcnGJ.ty ".I2S cn.lculatcd as follo IS:-
(lOO - !') 
+ 
(l) theoretlc~l dens2ty = 't = lOO 
Froiil ~able L~.l <9 J.s the total 1.1ass of dlspc:r·s..:d phase J.ll lOO 5 
Of the fOr!.1UlO.tJ.Oll, eO lG the dG:llSl ty Of the.. ci.lGlJCI'SC p:lG.SC 
(Table Lr.2) .::..nd t' 1s tho dc.l..S..LLy ot the con-c1nuous phase fro.! 
'- ~1 
FlC 4.2 or Table 4.}. 
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The expcrJ.ewntal clo.'lsJ.tJ.cs •;ere :w2.surcc1 by addJ.ng a 
HeJ.ghcd anount (8 to 9 g) lll a dry t.:.rcd, e;radu::ttecl ccntrlfU[,v'-·'·'~ 
of con:Lcal scct1on. Th1s YID./3 ccntrJ.fuc;cd for one hour at 
4000 r.p.n, to rcnovc occlufcd a1r before cqu~llbratinG 1n a 
0 ( + 0) Ha tor bath at 25.0 - 0.1 and r.w.:tsurJ.nt; the v olttE:c • The 
apparent dcns1ty of each prcpara-cJ.o11 was rtcasurcd four t1mcs. 
~1csults arc sho~1n J.n 'fable 4.5. 
4.10 DiSCUSSlOll 
The prop~rt1cs of the sol1d-llqu1d cguls1on systcn1s under 
J..nvcstJ.t3.tlon ar3 of consJ..clcrablc 1ntcrest. For cxo.nplc 1 the f.c:.ct 
th3.t 1t prcvoC:. 1~1po.ssJ.blc to prcp2rc n systcr1 conta1111nG e1uch 
nore thaa 55;~ by Hclght of a .'ll::turc of llquu' paraffcn and 
ccto.stcaryl alcohol su:;ccstcd that thJ..s systcn 1·ro.a close to the 
Ho~1evcr, even all01 JlDG for cxpans1on on 
h~at1n.; tnJ..s c~o2o n.ot approach th..; thcorctlco.l l1m1t of ?Lr~b by 
volum:.-, o..scuu1n,::; that the d1.spcr.sc phnso po.rtJ..clcs ucre G:_;horos 
of equal dl!..'cnsJ..ons. 
The prcscncG of polyhedral p&rtJ..clc.s bas been dcnonstratcd 
1n a. nu1.1ber o.f the systcns unc'.or lnvcstJ..Gation. The c1ata pl'"'cscntccl 
lll Flg 4.6 provJ..dcn adequate conflrnaClOfi of the orlGln~l sucscst-
J.on (150) that thls lS duo to localJ.sccl close p&ckl~G \/J.thln the 
sys teLls, probably .:t t the poln t of changJ.n:; fr01.1 lJ.quld droplets 
to sol1d part1clcn. The 1ncroasc 1n the rclat1vc nunbcr of pol:r-
hcciro. abovo o.. d1spcrso phase ratJ..o of ~ :::: 0.1 and tl1o llllC3.rJ..ty 
tho. t the p!1onomenon J..s not due to cryntall1sa tJ..on ( 14). The 
chanzc in VlscosJ..ty frorJ. NcvJtonJ..an to non-IIcuton1o..n bchc..vJ..our 
n.lso occur.c for s:;r::Jtcns of dlGpcrGc. phase rat1o >ill :::: 0,1 
Tlus conflrt1G the su:;ccstJ.on tho.t ;>art.Lclc-p&rtlclc 
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1nteract1ons occu: ~~ conccntrat~ons \Jell bole~~ the ~huorct1c~l 
1uut off = 0.74. 
d cns1 t1cs of th2 C"1Ul&lon.s llldlcC::~ tco tl1c. t Ec.rcy-r:ov 1 s SUG[';C.S l.-lOll 
1,. .11 ,)un.lt~r_y_ 
1. The fornulc.t:::.on.::, of c.d.ulsJ_onc ox":VJlnod 2..n tln . .s TDbl-.: 4.1 
l~VCStlr.~tlOll Gr2 z~vcn. 
2. The ~hy~1cal ~ro9c~t-c3 oi the coact1tuca~ J~~scs 4.4.5 
.:;.re de t::r. 1.~.1ccl. 
4.6 
Tdblc ~.5 
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rla"Qlc L~.s T~i.C t.lCOrctlcD.l .:. ... le:' C._Q)D..TC:lt c'Crl.3.l-Cl2S of 
bcf-o_.c-, ~llc. t l_9EE.._S_~~\ll~].~.l_a:) 1_::_!:__•1 
COJJ~ L_,.~..\1.1-'-~':l T L...orct.tco..l ~·1.)_J.:lrca -c cc:-;.;::;1.-cy 
~ ~ - ~ ~~ ~o--- ~ ~ -_-_:_-- --;:;:--
C:lAJ A/LS 0.')725 0.');)27 
it/GO 0.972': 0.95')3 
c(~l 
... -.~.J...J D/LS 0. 0 742 ---- --- ·cs-.-cY;;21 -- - -
0 0.9742 O.')h71 
5 o.971:~.e 0.91:::,0 
10 G.') 7+2 0. 91f06 
1_, 0.9742 0.9521 
2( 0.9742 0.91,01 
2) 0.971:2 0.91:' 6 
)0 0.')71+2 0.911)0 
45 0.9742 0. 94'13 
60 0.97~2 0.9473 
120 0.97LJ2 0.91116 
1 .. rr~~__} C/LS 0.974] 0. ')lf60 
!J/13 0.9755 0.91175 
~/L~ o. 97CC' 0,9::JvJ 
F/LS 0.9c15cl 0.')500 
G/LS 0.9632 G. 91t00 
!!/L,:, C'. 9 523 0.92"] 
I/LS 0.941( 0.9125 
J/LS o. 9691 0.9511. 
IC/L::.> 0.9519 0. ')1:47 
I,jL.S 0.')728 0.9359 
L/JJJ 0.9599 0.9295 
lZ/L_.~ 0.9]0] 0. 892Lt 
0/LJ 0.')30() 0.')019 
Dj ' • ~.o 0.93]0 o.C:C)ll 
c .L • .J LL/W 0.9v79 C'.')]32 
IIL/L ~ 0.')548 0.9254 
JLjL_, 0.9656 0.9730 I CL';L;_, o. 9668 0.91:60 i CPC A/13 0.9740 0.91181, 
-C.t-<.: 3/ 0 0.9738 0.9504 
1) 0.9738 0.911]9 
20 0-9730 0.91116 
2') (). 97)8 0.~1·14 
30 O.SJ73J 0.91:J9 
t,:_, o.s738 0.')416 
Go 0.97]3 0.9]79 
120 0.9733 0.9275 
Cl~C e;'LS 0.9735 0.9453 
D/LS 0.9696 0.9536 
i3:.::1lLj lVLu 0.9759 0.9411: I 
-----c-1.'...! JljL,, 0.9759 0.9576 I 
0 0.9759 O.CJI:/;4 
1') 0.9759 0.91:01 
30 0.9739 o.911oJ 
6o 0.')75') O,C)lJ~!} I 120 0.9759 o.s 347 I 
' 
r.ro.blc 1~.5 contlnucc.1 
DO>->S ll/V_, 
0 
15 
30 
Go 
120 
- 103 -
o. 9813 
c. 901:; 
0.9813 
0.9Jl3 
0. 9131] 
0.981.) 
0.')56::> 
o.;l1G7 
0.9~]] 
0.9)50 
0.911?8 
0 .91(53 
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CtL\.PT~R FIV..: 
5.1 IutroGuct1vn 
5.2 Dcoc~lpLlon of t:1c V1cco.1cter 
5.] l1C'Cil()c.~ fo:- flo,r c~w .. cocterJJtlc ncetourc11E:nts 
5.4 Typ1cal rcsultu 
5.~ l:..~J_i)llcctlon of the 'illllCU1SOrl cqu.c.~.t1vn 
5,6 Dlccvoslon 3ad co~clvs1ons 
5.1 I:ILrocuct1on 
.W1 ~'l.3l0•1S o.L t11c type uncle1."' 1nvcst1G,:' t1on exh1o1t cO.l_:Jle:::: 
flo l po.ttCJ.."' . .1S, 
o~e not sv1t~bl0 for t~1r. lnvcsLl~O.tlol s1nce they ~re unable 
to [lvc .JCalllrl[';fUl :-o,:-_.t)ltrJ [or the _:_')u.ro.netcru o..sooclc'tcc1 1dltll 
non~ .. ~c·,rtoDlO.l1 flo./ such _,s yJclc, value, ~1y.stcccc2.s ancl vlscosltJ-
o.t 1Df1n1te cheo~ rutc3, The c~oLce of ~ su1table lnstruilont 
preferred on o.. nu{J'!Jcr of gro"L•nCs. The Ferrant1-St1rley v1sco-
ne ter 'f;;_~ GC' lee Ccc: s..t.~.Ice enc1 cf.fcct.s arc rcc1uccd to n LllllLTD.UJl, 
lnGt~u.nc_1t lr t.L<J..t co:1e G:?;)eds arc co.1tlnuously var:u::-..Jlc \llt'rJ-
out 1..he ..:..eceG:,::.t::r for ctep'./l3C chcL1:=,es .. i.ssoclo.tecl Vllth tJ1c use 
of n r;c<-...r box. 
dcvlce \LllC!l en"'~.Jlcs t~!e cone -eo ~)C ::.ccelcroted to Ct no..x...LEJ.Ul.l 
roto.tlon£:..1 c:Jeec,_ over o. pcrloD of t2.ue o.m3. tna1reCLlCCc.1 to 2.. 
sto.nc~Stlll over t.11c sa~w pcrlot'. 
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~nstru,ent to plot out a flo\1 curve, or rlteosran, character1s-
t1c of the se ;.plc under exan1n.2 t1on n.nJ coupc,rablc to those of 
other sc:nplca 11c.:toured unc:er t~1c sa11c c oncl1 t1ons. 
that rotat1onal vJ.sconc-c.ers can n.ct o..c hono::;en1.serc uhen D.:;?pllccl 
to enuls1on syntc!1G, J..c., they arc capn.'.Jle of ~Jrca~tlnc (oHn 
pn.rt~cles by che a}lpl~cn.non of shenr fo"·ces (lLfl). L~ttle 
E:ostenbe>uc!er r, liarL~n (221) anc' llen<icrcon et~]: (170) cugc;estcc' 
tho.t phJ.cn<::..ceu-cJ.cQ.l enul:JJ.ons ancl oJ.nt~Jc::ItG ·.Joulcl be subJected 
-1 to a she2~ rate of up to ap~rox~nately 200 secs. on eJcct~on 
-1 fron a collc~)WJ.ble tu.bc, 120 secs. \'/hen S)ren.cl ontv the sl:J.n 
-1 
or 150 secs. vlltcl1 .,1cJ.nlpulQtec1 111t~1 n spatule... Con(lltJ.ons of 
nen.curenent Here therefore llliJ.tec.1 to 2 11CX:iJ,U~l rc:.te of sheer 
1 ,-, (1 -1 of uu :::::;ecs. • 
The Ferraat:L-Shlrlcy cone plate v1scot,1eter (Fer..;.:·antl L1:r:., 
Thls pL:i..~tlculer 1.nstruncnt 'IU.G f1ttcd ,11th the auto::nat1c cone-
plate sctt1nG un1t to nn1nt~1n the cr~p between the apex of tl1c 
cone c::.nc1 t~lC plc.tc ... tl; o. C011ctant level. J:he olsnal fro.'l the 
torque cJyno.Jlo 1etc.t' J._1( t:1c ov"Conc.tlc r;peec~ cont.col lC.:..S .. lOlll'Cored 
by .::.n X-7 recorder (Scl2:11tlflc I11stru.1Cnt.s Ltc~., ChcGhlrc, 
A~Jtoplotte.~-"' U::!lt, lloL,cl L~Y - IP), hcV1.1.~; a 0-10 11v JJoveuent 
along cc eh exis a .. 1Cl a t11n1mum frequency .ceaponse t1r,1e of 1 sec. 
Measured by thcr~ocouples seL 1n tl1e pl~te a~d con~octaQ to ~ 
Solartron DJ~;~ tal vol t::1eter 1 Eo del Lli 1L.c20. The te1qeraturc dC:G 
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'l) ..... lil ' 
any n1l"' run. 
i'-'lc: CO:l8 Ccnc1e 19'13 11 (~ 0.00557)92 rc_chctnG). A G',/CC;:> tu;e Of 
600 scconC:c .!CLC selected to reduce J..ncri..J..c-1 cf.fcct.s to a ~.1lnl-
'rhe nnxJ.I.lU.l chcclr rate J.G t~wrcfo ... "c r;1vcn by anculJr veloc1ty/ 
10 x 2rr -1 ..... ccG. 
0.00~57392" bo 
1 '' n -1 ::: 00 UCCGo 
2.45 r; c •/dlV. 
Shco.r ctresG 2 ~ 3u ~ T' cyncs/cco 
2.'<.) 
&near strc.ss = T = 2.5.3 ::: rc.::.cJ..nc o.~.1 x 500 scale. 
The J..n::::..tru~..1cnt therefore w.en.su.cec":. c ~ .. ax1mur:t o.p:JlJ.ecl sheer 
rete 
,.. ,, 1 -1 
01 lu,J .secs. 
J~ftcr 0 ,srco..t deo..l of cn:]_)erl!,lClltat.J.Oll J.t HC'.SdC!TIOUotrG.tecJ. 
cenel~ .. :t.lly .sloulv :"evcrslblc. Accorc1ll1Gly, t~1c nethod of 
Jiensurcr;wnt ,r:s J..ncvJ.tt.-:..Jly o. co.Jpro.~J..:Je cJ.ncc the sanple .1ust 
to the :;a:~ bet re en the cone c:.~L the .~,Jlatc. 
Sanplcs of eoch for1,1ulatJ..on were ceni..rJ.fuccC. to reuove 
occluc,cC' a1.r 2.::c~ flmr behc.viour ttcasurcd o.t cbout t~1c .sane t1.nc 
o.n the pa.ct1.clc SlZC c.llot.cJ.bU"t;lons. So.nplo.3 uerc equlllb:r.J..tcd 
ovcrnl~~l t l.n t:1e so.mc ro01:1 c .. .s the 1.n.s truneJ.1 t.. The cone ru1c~ 
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plo.te 'Ic~~c clcc.rlcc., IJ..t!l 2cctOl1J a::1c: ta::: J..l1Gtruncnt allo'ICc: to 
A l ~o 2 c 'bloc~' 
of the S0"1J..solJ..c.: ,1:.c c'-:refully cvt fro .... 1 ti1e bull: conto..J..ner l:ll"C:1 
a 1" s:po.tulo.. o.nc.' pl:-cec1 on the pl.. .. ·tc \IJ..i..h the nJ..nJ..!JlULl adOU11t of 
c, J..G turbance. 
rotc.LJ..ono..l spcvcJ :::-eclvc.cc.'. to zero ant-1 the notor taken out of 
0 
eo:o.ctly lO ·"~nuL.o..; allo Jco foo' the SetLlplc to \<J2.rn up to 25.J 
(only 'l ic•J 1""1J..nutes 'Jcrc rcqul.f'ed) o..ncl to "recover'. T!1e 
J.n::d:ru __ c .. lt '.lOG then .set 1.:1 nocJ..on to rccorcJ 1::1e streG::;-:;trc..J..n 
0.11(' beck to zero over a tot:-1 tJ..t.le of 20 111.nu.tcs. 
l?.C})licD.tc 1CO.GUl"'Ci1Cl1tS OVCI' D.. 1)erJ..ocl of .!CC~:G 011 the SD...L 1 C 
olc'. For thJ..G .!:·c:-so!1 Ge..I'Jplcs .JcrC' r;encr,_-lly o..t lcu.st three 
no~l"ChG olc~ be.Lore cxcr::J.J..no.tJ..-:>.Ll. .!.1epc~tcC ChenrJ..nG of the s2nc 
sanplc tJD.S cuf ..:'J..c..Lcnt to c.lcnonotratc the .slm1 r,__,te of recovcr·J 
(Fl.,. 3.3 ). 
the J..nGtrurw .. 1C (lOO ..... p.1 .. 1.) fer 20 .11nutcs proc,uccc1 no 
5.4 Typical rcsultc 
As O..lltlclpette(, the flm.1 curve C1 Gl1011strat.cd conplcx non-
utr..J.tec1 to thoGc 
l.'o ,~ ? 1 'h 
~ -~. ._ ........ oJ' ' . .lUl 
J..ntcres t1ns- oer1es of curves fro.,l prcp~ro"Llons uJ.. th 1.nc-reo..scd 
- 108 -
of ul t.co..o OJ.1J..cc J...G .'J~l0 1·Jn 1n F1~_: 5.2. 
sl1o·1n 1n FJ..g 5.). 1...0 lllustrc.to t~1c follo 11.:1~, Ic:>turcc. F1r:: A 
th:-_xocroplc b ....... ccl~c.,olll1 bct.Jecn tbc u~J ,J.nc., Oo~J11 curvec. F..:_:; B J..G 
the curve obtaJ..ncd ·J~lCll 3c . .Iplc .. '\. 1"-'S ,,llo.lct..i 1...0 .C'Jot fo.c :::'J..ve 
a::·e sllL,h tly (1J..ffcrefl t, ~Jrobo.'oly 0\JlnG to J..n._, trw,,cn t vc . .rJ..c:. tJ..o:J.. 
F1,~ .:3 s!1o~rs .::ubsta.ntJ..all;y· t~1c 0.2 1e fcc..turcG o::; A but on .:t 11Uch 
FlG G ( CT.cJ/J/2 C) lG 2 ty ,olc ctlly 
?SeudoplostJ..c flo1 curve. 
The cho.r..:-cte.cJ..:1t:J..cs oi' ctll the cnuls1ona e::o..rn.necl etre D~1oun 
5.5 £i.lJPlJ..c2.LJ..on of the ,JJ..ll, e,nson cquo..tJ..on 
~c.s1..s o.f the tuo curves 18re therefore cel.'rlec1 out 011 C.o.tc. 
obta1ncd 1n t~1c J..nvestJ..catJ..on. P1oco o: 1/F YE 1/S or y~ 
-0.0015 
6 Gllould be lJ..acar. T~1c .l1llJ..Ol1S011 plot..s of reprcccnt-
(390), e:::::gcrJ.ncnto.l vo.luus shoH a trc.1c1 a\'J,_:: .. "'J irOJl lJ..nccrJ..ty 
J..n 1:hc vp ·c..c .... ne' loHer T'CGJ..ons of shear. 1Io ·ever, structural 
shcD.l". 
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5.2 Rheograms of a formulation 
prepared with ~ncreasing amounts 
of ultrasonic irrad~ation 
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materials showme 
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A CTAB/B/120 
B CTAB/B/120 
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C CTAB/B/30 
D CTAB/B/25 
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(Up curves broken 11nes 
Down curves continuous) 
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Fig 5.4 Down flow curves plotted 
according to Will1amson (510) 
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Shangraw et al (399) 
84 86-0.001$ 88 5 90 
E X 10 
92 
o/ = 
I 
94 96 
• I I 
I 
i 
! 
, 
• , 
, 
, 
, 
, 
, 
, 
, 
, 
, 
, 
I 
- 109 -
~a~lc. 5.1 P.::_to. ~E_o.:...~ -c:1c flo1J curve:, Jlottcl' by the 
~'cf'_.="--l.J1 t:L-S{l..Lr lc;.L_EG c o~ tc.r_ 
'leaD~~ 1 DI,P .. ~'SIOJ'' • · ''" ' · 1 T' , · ...., ... -l .. ).L..~.C ..... 00 ~,:!: 1 j -~pporont: 111::o (.,ro1)lC 1 " , I • < f ou scc.s. I VlSCO.:>l '-'Y , ..Lnc·ox 3..1."'00. o I 
S11.J.1J..IlT 2 et yielc
1 ! hj.s ccrcsls) 
1 
•'ynccJc,J I pold I 1 
(,JOl5CS) I 
. - -===-=--:o:t===:....-=1- - 1 
C'£Alll A/LS I G2o : 2o.o ~- G.79 1 
A/6il 95o 
1 
G?.o 87.25 j 
-- -- NLS -- 16_:,0 50.0 . 9 .;,) . 
I ~/ o ;ooo 11:; .5 12.20 1 
1 3/ 5 2uc'o Js.1, I 21.~3 1 
D/10 , 3:300 115.0 11+.95 ! 
1
1 D/15 i 2710 11u. 5 'I 15.07 I, 
3/20 I )220 llfO.O 17.38 
1 ;j~~ · 2 t~g ~~~:g ·1 ~~:ii I 
1 ~;1,5 :;:;;eo :Jo.o 2:::.92 ~ 
1! 3/60 1CO 165.0 +- 93.80 : 
i :J/120 160 l?l.O 98.05 ' 
- ~ 
CT.d I c;y, )lOO luO. 0 2o. ')6 I 
i D/Lio 1000 7 6 6 lli .22 ,I ~/LJ 1000 92:5 j 11: .]? 
F/L0 520 12 .:; 3.88 I 
G/LS 1500 190.0 199.50 I 
H/LS ]600 ]23.0 275.80 
I/LS 3?60 ,;;42.0 530.20 I 
J/LS 9:30 lGO.O 111 1 .10 I 
K/L3 I 3200 2)2. il 19~ .20 I 
L/L:> 
1 
Soo 5:;.3 5.78 I 
;.jLS 040 L,O.O 11.25 • 
•'/LJ I 12.40 100.0 3.1,.:; i i 0/LS 1020 62.5 3(.5] I 
P/Ls 171:o 1:o.o :;1.30 1 
C'i:AJ L/L/LS 630 i1].] ·- 3=-~·6------1 
I , ii/L/LS 66 0 2 2 • 5 3 • Go I J/L/LJ I 1700 15?.2 187.40 
' C/L/W 2000 66.7 111.22 
CPC A/_LJ u20 4u. 0 -o:9:.:·.;;5.;:0 __ _,, 
J;lO I 2)40 l1t?.2 9.84 
::J/15 , :;ooo I 112.8 15.02 I 
N2o I :;Goo 1115.5 1t1.0u , 
.;/25 ]!lOO 153 .o 18.30 I 
;,/)o 1220 2oo.o 5::;.8~ 
-:o;1:5 35Go 1Jc.o 23.1:; 1 
3/60 320 192.0 99.60 
D/120 2260 20G.G 70.02 
CPG 
C/LS ,;~9GO 122.? 3~.02 I 
vjL3 1~100 U5.1 1G3.50 1 ~:-::m::-,;:::rz:+--',7Lv"L"''":--+-,---9~o----- ··5G .o-- ---- /f:OT ----1 
, _ __._ __ ~' -----"-------'-----:-;--;--1 
co!ltc'/ over 
CPC 
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-CODi': I ' .Dl..SP~J.{SIOli l :J.L~~t.;;JS A~l l A:J!Hlrc n t r.rhlXO croplC I I 138 ~GCG. Vl[.,COSl t;:r 1nclc::;: (--cc" of ' ~ ~I I S 1L.L11:~..I_, .., ctt ylcld hystc.ro.Jl3) 
' I I ~ l dynes CLt po1nt 
(_oowcs) 
-
- - t===== CLu A/LJ ' 1440 ~6 . .) 10.87 
A/ 0 1::-,:;o 35.7 :;.06 
I ,\fl5 2450 111.0 25.57 
I A/30 ]000 lOO.] 19.73 A/GO l 3040 110.0 l).lo ' f•/120 4300 120.0 4).11} I 
vo.:>s A/Lo 
I 
i+lO ~.0 l:J.bo --
A/ 0 G:so 24.0 17.46 
A/1) I 740 )o.U 10.35 I A/30 [,00 )8.0 17.40 
! A/C:O ~0 5lL5 20.40 A/120 0 100.0 2G.57 j3 .::;0r1cs 0,01 0 0 0 
'"T 0.05 105 0 0 0.10 1:10 0 0 0.1_, 5110 0 1192 0.20 I 23GO 0 9.56 0._;0 Lf710 107.3 1).70 
o.4o 3370 103.3 56.50 
Oo50 1:120 112.2 ' )2.25 I 0.55 I '-:)10 113.3 I 69.60 I 
' 
- lll -
Ac c Ol ... l~ J.n_sly, for the purpose of thJ.s prcsen t J.nvcs tJ.GO.. t1on 
1t uo.G o..ssu,,1cd. tho..:.t the ~JJ.lllaJ1Son eqv"'"tJ.on ho..s greater 
appllcabJ.ll -cy to the cxperJ.11cnto.l c~o. tc.. 
Us~ng stand11.rd_ techn~r;ues the .hlllil.fi!S0>1 equc.tion 11c.s 
converted to l1near for1J and a conputer prosrQllmc wr~ttcn to 
Oer1ve the consto.nts by the 1~cthoC o.f loact squares. Thls 
tcchnlt;Ue, Cue to Shnn.cro.'/ (398), 1:letS l1~1proved by USlll[; rrnylor 1 :3 
expo..as1on (~18) to contJ.nuc cnlculc.tJ.nc unt1l succcss1ve values 
var1ec1 hy no 11ore tha.n 1%, or un tJ.l te11 a ttcnpts to fl t the 
curve h~d been QD.de. Nccsurenc:1ts of F etll0 SJcre t ..... l.:;:c.a from 
each do 111 curve and used to COi1pu.tc the values shoun 111 
Table 5.2. The • .1o..ch1I1e reJected 1."ecults as 1nvalld \/here:-
(l) 'l- .J~s nc-o.t"ve /..,.., . ~ G ..... ' 
(11) f, tltc l!ltcrCC?t on the streSS O..XlD, 1 /DS necatlVC 
.flo.I 
or (1v) the VDl"'lo..nce 1ncrcascd as the calculncJ.on pro.:;rcssec... 
5.6 Discuss1on anc] co;Jcluslons 
The Ferr2.nt1-Sh1rlcy vlscoJ,1(}ter HaG cc:..po.b1e of ncc.sur111G 
sane features of the flou bchavlour. 
o..l thou.;h 1 t h""~s been su,3gen tee"' ( 481) that the J..nert1a of che 
cone h2.s a cons1derablc 1nfluencc on the result. Hcvertllclcss, 
the y1eld po11t a,peo..rs to be COl1SlStent \V..Lth111 an CIJlUlslon 
systcn (J:o.blc 5.1) su2,r;est1!lg tho.t 1t L:o.y have a real as 
opposed to o.ppo.rent vv..lue. S1nce the 1nctrUI1lC11t '·lOO run at 1tc 
sloHeGt prouro..11111eci 111crease of s:pcec1 th0 1nert1al effcc ts are 
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ConG ten t.s 111 t::c L ... ll• anson cc~U2l..lvn fo.c ,,:J{..UC'.o-
2l-cot1c flo r <.'crlvoC:. by co.PJu-ccr curve f1tt111J2. 
f VC',.rl2.DC.J 
~ 
V ll.._ + 
lflV.:-....11( -
£, LS 2.:;;J 18':.2 1 9·9~~ 729.1 ,, ' 
1-::--,------':.,C:C-0"-j'-'2=-. Jl, 2 I 27') • G '~"~· JL_vG,c.::_ _ ~_cl~~· o:;L:::l 0 ~ +----+ C'11 ~~-~ G LS -G.O.,l 17151 39~.0 l.L~2G::i06 
0 '),i.J2(1 2671 16v,07 2,2 1,2::104 
5 5.:;19 12105 :Y: .6z lf,·~l7::lo 1 , 
10 9 ,_/)0 1,' :;c !26.50 3 ,02v::l04 
1:: 0.3-.:3 1296 :31.CC 2.619:::10, 
20 u.2l0 12050 ,21f,ou ],0)0::10:; 
25 ').777 I )10.7 I 0.3114 1978. 1' 
30 -0.0704'; ::_;;)lr,) 1.1:78 :;.G7:J::lO' 
1::;. 1:;.- ~ 11203 1--'.62 L':u;"lor 
(ot) I -O.)J121l85.0 -1.921 1.712::10~ 
l2_j! -CJ.u265 r· 255.3 -2.673 1:.03~:<1_04 
C L'o ! 12,1:; ')2_,-;_-7---l::;-:-5'}- --~ 1.011:::10 
j) LJ I L')':u s:3').l 11.6J 956.1 
.L~ L~ 1.1::;0 7G:;.G 10.89 ,~069 
F Lv o.80C71 3uv,_) 711.L 7 10 I JS8.G r 
C 1...0 2.S1c7 
1 
-7.2.:;);:101-l.')l:x:lO 1 ),OCll::lO::' 
L" l r- 2' na 0 011-7 7 -or 10° .ll 0 c~e/_} u._~ T'- • t) ll' :; • .) _.~:;{ 7 
I LS 1:].21, -3.l20:x:lcT_; ].?S7::10 ' ').0_52::10 0 
J LS , 2 ,1+21: 2J7 .3 -O.')~OZ l.Ol7:d0~ 
;; LS 1_,,1,0 1,;,2 .:, o.?:J27 2.5?lxlO:; 
L LS 0,)090 L,__,:J,J 2?.43 1321 
d L..:. 1.20~ -J92.3 :JO.G2 10)1 
11 LJ 2.125 911.7 l~.SJC 790.2 
OL'.; lt,0Lt] 1:0,23 -_:).1;78 G627 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
·,- / --
~~~~~~P-1L~S-r~1,~,72f'Jfl'~=l~O~IJ~2~-----f~8~.2~1fo~"----~7~67~c?~--------~--~-- ~ C'J'd L/L L3 l.C2c )33.9 l1f,7l 250'+ + 
CPC 
CPC 
ll/L LS 1.129 511.3 2;5.::.;': 7011 r + 
7 J/L L-> 1,157 -J2').2 2.029 2.92 1;:<101" 
C/L L,S :J,c)l) 16_,3 lf5,8G 2.115::10' 
A LS 2. JOl 309.7 , 7 .50u 15J2 
J 0 2.uSJ? 1211" 127.75 6)95 L 
15 -0.:'70::; 1'5"1 '19.]0 1f,4:07·:l0~ 
20 J.0]3 j)2~2 L:·.)9.lr.J 4.002::10~ 
2::5 -0.1062 ' 1.1:27::10 ']07 .8 l.26'i::l0:; 
30 Lcl;07 Jl2lfG ill.31 963.2 1 
45 1_,.01 '1300 21.9) 3.29C:::10' 
GO 0,03220 2')6,5 2.765 1,1:;!., 
+ 
+ 
< 
+ 
PO 10,1::; l21n~.o -~.11:9 7.955 "-+-------~ I-:-:C-:2-::C----:oc"'~LS -l. 7LlS - '17Y' 155 .'+ 2 .12_;::lW 
D L~ 6.550 ]013 9.2GG 2.39~x10 + 
A L;;, ].7f' i lJ? .2 l.OC:O 9~'.o -,-
A LS 
-: -
::.; .S47 ! ?OG .4 7 .')_)!: 19•·? 
0 :J,J50 I 590.0 7.Cl15 61 G.9 
15 1.105 t21:50 21.12 221fO 
30 2.011 ;z:JGo 2o.Gcl ~524 , 
Go -).253 rlai:G :;L1f1 1.716::10~ 
120 2if,G2 [1,?u.L "0.11,12 : ::;.7~5-:10 ~-----------4---------L~--------~------------------------~--------· 
+ 
co~1.t:L1.LlJl over 
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--------------------r----------------------~-----------~------ -~ IDlc,~o~r" Code 
1 
J eO I~ f I S ,. varl<:tllcc I vc.1,_,- + ! 
s1oa ; . l:lv:.tl:!..c -~ 1-----------'-------!-----------+---------f------------ ------
i I ~3 - ~" 11 s I A L.o' :J:),')O 2.57'7::1CJ -.o.OvJ:t1CJ 1.527::10 I -
0 j.2,'J I -0.620 -2"-.Lfl, 5404 -
1.3 2.272 I .35·~.5 3lf.31 59G.G + 
30 2 • .:;o4 i 411.7 2o.oG 893,2 + 
eo 2.017 G:;2.0 29.L2 495.9 T 
I 120 :; .. ~o7 
1
2oG7 29.1,5 ~516 + 
0.01 O.!:J~O 21.12 1.289 l.:J.o(J > 
O,OJ 0.JJ7~ JJ.Cio 0,052~') 54.50 + 
~GC::.. ... lC.3 
( 4 .G) 
0.10 0.870':, 260.0 ').711: 305.3 + 
0.15 0.9j6C )94.5 10.93 ~ciJ.5 + 
0.20 -1.011 3J51 7J.Y. G903 4 
o.:A' 12,20 277,5 32.2_; I 5.960x10 + 
J,L,c. ?.1'/i:l 2.J72 4').G2 6.o1.2 + 
o.5ol12 .oG , 2323 1 1,0 56 171,52 + 
.. I • I ~-70 I 
__ ---~·-55 L~·_J-~OJ}_.:_J:J __ 2 _______ ~1 _:5_1_._7_7 ____ _:_•_"_;;_o _______ _:_ __ +_____ ,
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o..vn1laolc for cst1natl~1g the 11<::Gn1tude of these effects. The 
cxtro..:.Joln"Gccl v~luc.s oOta1ne6 by curvc-fl tt1n~ to the clo•1n 
curve have rco.l rW<-'-lll1l'_.. but as alrco..dy notccl sor.1c of the 
experlr.lclltal cui·vco d1c.l not show typ1co..l JJSeudoplo.s t.1e- flmt 
?ropertJ..cs, 
calculated by curve f1tt1ng as oppoocd to d1rect L.casuremcnt 
c.tre l1kc ly to l1n.vc no re rcv..l ncan1nc, \I here the data ls m.wna'olc 
to tlns trent 1ent. 
The lnstru.Jont J.ll the for .. 1 e;-,ploycd 'l2S o11ly co.pable oi 
c"LraulnG a. tuo-cJJ.r.wns1onal plot of s~rcs.s vs stra1n. AG noted 
ln Ch'lptcn· 1\TO (2 ,) ,2) tluxotropy ls n tlnc dependent pheno11-
conoJ.clcr 1 t as n .'lQS....,-o..c t1on phcno•itenon, wco.surln,: o.. l1cJ.lf-l1fc. 
1
.{.llG rcqu1rcs an 1n3tru.10nt f1.ttcd Hlth o. tJ.l:c-axlD recorder 
ullich :...tG l1ot J.VD.J..1ablc. lfou.::ver, lGlt...L 1 1 re.su1t.s us1n:, a 
stop uo.tch '1crc sufflclcnt1y cncourc:t~lllG to sucscst that th1s 
:ncht prove o. frultful llne for a future lnvestlGc,t.Lon. The c1sc 
of the nrc.o. of -cno 11yoterm1s loop o.G nur;,sGsted '.Jy P::-yce-Joncs 
o.s an l•ldex of t:nxotropy ())2, 333) lS of less vD.lue but the 
values obtc~ned arc presented 1n T~blc 5.1 for purposes of 
conpar1son. 
5. 7 Su, lGary 
1. A Fcrrant1-Shlrley cone-plate vlscorwter IID.S used 5.2 
to 11co..surc the flo'J curves, contl.nuously recordlJ.lG 
the strc.sses proeuccd oy a~~l1cd shear st~~1ns of 
l,..., -1 
up to 10\J secs. 
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2. The ~nstruncnt. pror uccc, reprocluc1blc Ilo 1 l curves, 5.3 
fro! 1 '1l11c.h arc rccorc.1 ccl y1clC po1n 1:;, 110.X1mun stress rl1a'Jlc 
5.1 
unc1 .._;._~ea of hysteresis. 
oi l::! .. ll12r J0.~.1 o.~-::.c' Shan.::-:rcu sho ;eel L1c ~ the do.. ta uc:.s 
r:orc clo&cl:r fJ..ttec.~ OJ the forllCi'. 
Cons tc:..~.1to c~crJ.vcd fro11 ell C!1c flo'J cu::.""vca .:trc 
presentee). 
- ll6 -
CliAPTBrt SIX 
v.l The accuracy one repro<lucl;nllty of the partlcle slze 
ana.lys~s l'le"thocls 
6.2 The effects prot"..ucet1 by ul t.cc.son~c J..rrc.dJ..o. t1on on che 
pa.ctJ..Gle s1zc and part1cle s1ze (J.strJ..butJ.on. 
6.3 The lnfluonce of for11uloto.on factors on the ;:octrtlcle slze 
G.4 T:10 J.n:fluence of for:-,uls..tJ.on factors on e_;mlsJ.on 
VlSCOSlty 
G.5 The ;::>resence of an lnterfaclal fllm. 
6 ,G A theory of pseuc~oplastlc flo11 
6.7 The lnflucnce of parto.cle slze upon the flo.; :Oehc.vlour 
Of Ci1UlSlOl1S 
v. J SUD'.1.:Lry 
u.l The accuracy c..:.1cl reproduclbll ty o.f the -oart1cle unalysJ.s 
nethocls 
The pro'oleuls of cletcr,tlilll1_, accurc.cy oncl reprocluclblllty 
of po.rtJ.cle SJ.ze an2..lys1s mcthoc1s have bec.~1 dJ..scussOO by 
Becher (23) ancl o.n Jrltlsh Sb.nda,·cl BS 3!,.06. A'C! estltJc:tte of 
the error Cue to lnstru.Jent varlc.tlon can be obtalned by 
re_rc tedly annlya1nc~ the se ne s.:tlJplo, c..s ohm.,.n 1.11 Ap_:Je.a.dJ.x Two. 
These re.::;ults arc sum,mrised 111 Table 6.1. 
Taole 6.1 The standa.cC: error for the Coulter Counter uncl 
Se~J.fur;c-_:"'ethods. 11e.:: n value as a percentag-e 
~-t~L1.£_an \lei(?ht of. n<.J.ter1~w~1n g1.ven s1.ze 
3:.11 !_eE_v~ls _\il._ 2 .!.5.!l_) 
r----------.----------..--------
1-------------------~----------- seoloentometer 
""""" ,.~,., I ,,.,n,.,.,, ,,., •. 
repeated sampllng 
lrepeuted analysls of the sa1"e sample 
14.09 3.04 
_____ 2_.1_9_~1 __ 3.56 J 
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S1nce errors are addltl.ve these values suG3est that the 
reprocluclblllcy of the Coulter Counter lS \/ell \llclnn the 5:j 
claJ.rrJ.ed by the .. wnufacturcrs. Hcsults fr01;1 the centrJ.fuGal 
photosedliTcntomccer Qre only sll:~tly less reproduclJle and 
sa.Hpllnrs error 1s cons16cro.bly i"'ccluced. One rc0Don for th1s 
nay lie 1n t:1c d1frerences 1n prlncJ.ple of th:: t~ ... o !lct~1ods. 
1l'hc sa.t.lple s1ze for tl1e cen tr1fu-;;e 1.0 LilUCh lctrr;cr than that for 
the Coulter·, albeJ.t tn.:.t the lc..tter 1nstruncnt counts c. vc:..stly 
larGer nu .. bcr of pc..ctlclcs than those counted dur1.ng n typ1.cal 
.. 11.croscopc s1.ze c.nu.lysJ.s. 
An estl.llJ.ce of the absolute accuracy or •. 1C2.lllnt~ of tne 
partlclc SlZe chstrlbutlon obtcaneC: by any ono .1ethod can only 
be obta1ned Jy COl'l?::.rl..L1G results .t~J.th those froJJ other netho0c • 
:\s sho,.h1 1n AlJJ)enci~::: Tt~o, a statJ..GtJ..co.l cxo.IIino.~ion of the 
resul tn obto.J..nel frail the Uoul ter Coun tcr anC: the cen tr1.fuc;n.l 
!)hotosecluJe,1to~~1eter over moat of the ra11z;c com,1011 to both 
su::;;ests that here .:~.t lecst the results cc.n be com:?ared. 'I'l1e 
varlancc ratlo ln<:lcntes that the sar.1plcs a"'e 0er.cved fro·• the 
sa.1e :Jopulc:"~;J...On anc1 the nornalJ.sJ.nr_, proccclure used to extend 
the rc.n~~e of ec.ch '"etho0 appears to be JUGtlfled. 
It l.S c:oubtful 1.1 error.s, CS:J2CJ.o.lly those due to .:;c.::. .... lJlJ..nr:;, 
can be clJ.!!lJ.nated or reduced to levels GJ..GlllfJ..cantly lo .. Jer than 
those shoun l.l Ta~lo 6.1 
A lo:-.-probc::.bJ..lJ.ty c~1s CrJ.'out1on has been _..Jresuuwc: t:lrough-
ouc,. alt~1ougn J.t 1.s aC:.rJJ.ttedly an 1.mprecise I"J.ethod of 
descrlblnc a partlclc slze dlstrlbutlon. Hollcver, untll the 
partJ.cle s1ze clJ..strJ.butJ.on of o.n e:1uls1.on syster.1 call be 
descrJ.becJ uore accuro..tely the nssul,l)tJ.on tJoulC ap ... '1cc.r to be 
a reasonable one. The b~;.;-~est part of the problt?m 1s to rPclncr> 
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sarapl~ng error, The con tr1fu gal photosedlilcil tone tor 1s less 
subJect to ~hlu error t~an the Counter over tnc r2nce of 3 -
lOp. l'lorc .1o.cl: 1.s requ1.rcd to establJ..sh the absolute accuracy 
for s~zes bclo 1 D. .:~cron (7 .2) 
6.2 th~ efr'ectc uroc1ucecl by u.ltrasonJ..c J..r:-adJ..ntJ..on on the 
~ .. t1cle &l.zc o. ... 1l -)c::.rtJ..clc Sl.ZC dJ..strJ.butJ..on 
LJ..oor2tory .sc&lc hor.1ogcnJ..sers fo..1.le-:.~ to proc'uce o..ny 
Sl.~nlflcant effect on the part1clc DlZC or dJ..strJ..butJ..on of 
Sl.ZC of U !lOC•Cl .:JyGteJ.'!l,. The S.l!l:_Jlc dev1cc shoun 1n F1;; Lr. 4( a) 
produced so ... ne alterc..tJ..Jn 1n the e.JU1'3J..on prope.ctJ..cs anc~ J.t uas 
tnercforc u&ec' to crml.onfy ct.l equn.l rnxtc1re of l~qu~O. J:lS<'-'ffln 
anc cctostcaryl ctlcollol ~n VD..C~OUS O.•Uls~f~or;J. J:hc part1cle 
s1.ze and the total ourfo..ce arc~ (roflcctJ..ns the partJ..clc s1.ze 
of t:1e ul tre..oonJ.c 1rrad1Z~. c1on t111c for cc:-,ch of theo;) Gj'S tc11S. 
All the el.lUlsJ.on syG CC!,lS ',rcrc unstu.blc •t~hon JlaJ.ntn.J.ncCI at 
eispcrse {roplets IUS occurrl~L• l'..s notec'l 1n Chaptcl" T.1o 
ultrason1c J.rrcJCJ. ....... tlon 1ay accelerate both brcnk.aGe c ... 11.d 
coalescence proccs3cs but not ncccsJ~rJ.ly at an cquol rate. 
The eiiccts proc1uccC' ... 111 these systcr1c ure vcrJ.D.. 1Jle at1C~ <.li) ,oar 
to 00 a funct10n of the ej~ulslfJ.cr s1ncc nll other factorG arc 
oquctl. For cxL 1plc, the neD .. n :;_Jc.:-tJ.cle Blze of t:1c cetyl-
tJ.JlC but the total surface area shmm only a nllGllt 1ncrease 
over th8 cauc tJ.rJC. 
are broken the c~allor ones coalesce oo that the net sucfE.Ce 
I 
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an~o.:.11.c (.u0,J3) serJ.cs are rcC.ucec: 1.n Bl.Zc and the surface area 
1ncrcases rap1.~ly, sus~cstl.nG that t~e coaleaceace rate of the 
.., SlJ<:tlleL"' ~a.rt1cles 1.3 c..t lco.st ~uch slO'Jer than the breakaGe 
ro.te. Pclrtlclc s1.zc n~ui surface area of the cetonacrogol 
(CEM ) _>rc:1:1l"'U t1on rarw.J.n alnos t un::ffec tecl by the ul trason1c 
The ):J.rtlclc GlZc of the cetrlnHle (CTA.J) 
syster.: fluctu.c.tcG lnltl~-lly but after the flrst thlrty rnnutcs 
of J.rraclJ.atl.on tllc ~Jart1cleG tend to bccor.w o .. w.ller 2.ncJ the 
total surface v ... "'ec.. sheds a cowpo.ro.t1.vcly ro.:p1cl rc.te of lncrc.:..sc. 
Th1s obscrvnt1on n1.cht for11 the bas1s of 2 J7lothoc1 of 
ro.nl-\:lllG CJ.ulsJ.flers l.J.'l orc~er of cfflcl.cncy s1.ncc .::.11 eiflclcl1t 
cJ,lulslfl.cr uoulc1 b::: cxpcctec1 to procluce a Ll~J...nuu dl.spc.ccc 
phase surface core ra)J..dly t~cn a lees cffJ..c1cat one. 
C~c ·. 0 _,, CT' ''' 2 r-e' DO." 0 -o' SLS r / • _)'jJ h...J-'/ • v; .. , 01:.> + • _),.> 
6.3 The 1nfluencc o..L for tU.lJ..tJ.on fnctors on the JartJ.clo o1ze 
of the d1nperSc--p11-.:iSe 
It ~'/o.s cvJ.Cent t:1n.t the factors 1nflucnc1n_~ cnuLsJ..Oil flo'tr 
behav1our arc both .!.1Ul.lcrous o.nc1 COiiplex. Shenma ( 412) 
revJ..c~rcci the flo r ~)ropc .. :·i..J.c.:::; of Citulslons 211( l1stcci GO!.le of 
tnc factors taat contr1butcd to tl1c vlsC03lty, Tn~lc 2.1. 
sol1d 61n?arse Jnaoe at roort tciiJcratvrc the v1scon1ty or tl1o 
d1cperse phase droplct.s can be C:lccounted. but :tL uas o.i' 
lnLcrest to dcterDlno 1f other factors co~l~ J.nflucncc the 
Sheri.10.11 ( 406) cxan1noc1 the 1nflue:1.cc of e~;ulsJ..flcr 
concc:Itrutlon on enuls1on v1scosJ.ty c..nC j_):ropoaod an cquat1on 
ln the for .. ! 
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'I 
•.;here , 1 J.s the relative VJ.scosJ.ty, C equals cmulsJ.fJ.er re 
conccntro..tJ..on, 1J the dJ..sperne :9ho.se ratJ.o ai1d A ant" 3 are 
constants. The relatJ.o,1slnp c;,_c:_ not 0.'1_oear to be valJ.d for 
the present data and a.1 alternatJ.ve explano.tJ.on Juay be obtaJ.ned 
by supposJ.n:_; tnu.i.. an J..ncren.sc 1n enulsJ.flcr concentrat1on can 
proouce an ef1ect U}lon the po.rtJ.cle SJ.ze. Although no 
standardised JJethoC:. of enulsJ..lJ.ca tJ.on has been eJ,lploycci tlns 
Hould seeLl froM the data. shown J.n i<'J.g 6.2(o.) to be a valJ.d 
generalJ.sa tJ.on, the total surface area shmung a tenden.c;r to 
increase as the eoulsJ.fJ.er concentra tJ.on J.S o.ncreased. The 
chcuJ.cal nature of '.11e euulslfJ.er nay account for the marl:ed 
dlfferences no-.:;ed bet<;een them, shown by comparwg the meun 
sizcs·(Table 6.2). 
Table 6.2 The partJ.clc s1ze of prcparatJ.ons contaJ.ning 
di£fcrent emulsif1ers. 
E, •ulslfJ.er j code imea..rt (}l) 2 SlZC total surface area(l1 /lOOt;) 
Table 4.1 i 
CThJ.l 3/0 5.00 ~.83 
Cl'C B/0 5.40 4.50 
-
3,.;11z A/LS 2.60 I 9.82 C.2u I A/0 1.75 14.60 
. 
A/0 
I 
11.88 DOSJ ' 2.20 ' 
' ' 
The effect of J.ncreaslag the cilbpcrse ph~se rat1o appears 
to be one of lncrcasJ..ng the 11ca.a partJ..cle sJ.ze, shmm ~n 
Flt; 6.2 (b). . Tins clay well be because at elcva tec1 te1:1pera turc 
(above the f•lel t1ng ;?OJ.nt), partJ.cle l.n terac t1ons an<l coales-
cence arc llkcly to De creatcr as the system becoues more 
concentrated. 
~'1 cxamJ.natJ.on of the results ?rcsente<l ln Table 3.3 
susbcsts that there 1s no c:ff&ct. of d1.sperse phase const1tutJ.on 
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on the part1clc s1ze. rr:1eue nyotens arc suostantJ.a.lly the 
sc.l1~, C.1ffer1.n'; onl;:r 1.11 the proport1.ons or vJ..scosJ..ty of 
paro.ff1n 01.1, o..nd 1f Shc.cnans' cr.1.. tcr1on of chc1ncal c 011G t1.-
tution J.S correct, an 1nflucncc 10~1~ not be antJ..c1.9atcd. 
6.4 ~~~ 1nflucncc of foi"' rulo.t1on ~:-tcto.ca on c!.lUl..3J.on VlSCOGJ.ty 
1l'he flor,r behnvJ.our of the systcns €X2I;illlOd l.ll Cnc :?resent 
1nvc.s t1;::,a t1.on rw.s altlow t c!l L:ircly no.~.1-i.J .J'·rtonJ.o.n. A, _;_Jlic.a t.1.on of 
the .lJ.llJ..cnson cqudtJ.on c~l..:.Jlc(t the systc1.1S to ~Jc clJ.vJ.dc<.1 J..nto 
t\·ro co.te:;orJ...;s: those 1.11 ul1J.ch the G.o~rn-flmr curve J2S typ1celly 
pseuC:oplas CJ..c o.~1c' tr1osc .Ll 1~1J.ch tl1c systm1 c:chJ ')ltecl even .~ore 
conplcx och,_ V lour. In r;cnorcl all cystcr.1c ;,.l( typlcal cxar;r;cr-
a!ld dOtLl-flo,; CUf'V._.0 e 
the ~nfluo.1cc of for .. luL .. ~tl.-i:l upon VJ.scoo~ty ... we: C:_oduco~..1 tl1...--,_t 
the oqunt1vno rolc::t:l:J.;:__~ ~Jc:.rLlclc s1z..: to v1sco.s2.t7 .18ro .. 1ot 
Ho 1ovcr, 1n Jlany co..oc.::; the 1Vlll2<J.!.lCOll cquat~on tv .. ::.s 
as lo•1 D.S 0.2, c.. .. 1.cl ot .. 1er fnctors ap:;_x:::t..~. ... to be opcr,TCln;.;. The 
Lloo.surer,IGn t of thlj~ot.copy ~n "Ccrrw of hysteresis alone ~s 
un..:;,.J.:cl.s.factory Sl!lCC the ;hc:IOJ"'!.onoD 1.3 tJ..n.c-(e)cndont (.)Lr, 4:31). 
lio JCvcr, the arv& of hystcresJ..s CJ:n.blc 5.1) 1s at lca3t an 
lndJ.catJ.o~ of the strenGth of the forces hol~1n~ the flocculGs 
to2;ctho.c an( lt ~T:J.G of 1.~.1tcrcst to correl .... 1te t!11o ul th 
forLJula t10J1 factors. Th~ var1ablc eflcct ~uc to "C~c nature 
of the e:-1ulslf1cr 1s shown 111 Table G.=:;. 
Tha cflcct clue to lncroac2ac the conccatrntl.on of the 
c -mlslflcr lS by no dce .. ns Sl.llplc, ns lllL~lc&tcc.1 111 FlG 6.3(o.) 
but u. Lt:.twru.l l.llcrcase 111 tac hyntcrcsJ.s ce.n oc seen ior c..t 
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Tn~le 6.3 The urea of hy?~Eres1s of d1ffcrcnt e~uls1ons 
j E, m1s lflcr ' Cot" c (Table 4.1) l~roa of hyste.cesJ.3 
L!TAJ J/0 12.20 
CPC B/0 s.J4 
.OL;NZ A/LC, 34.62 
C:t;N A/0 5.66 
I DO;:,S A/0 17 ,I: 6 
lcnst the lo~e~ conccntr&tJ.G~s. 
1
.lhJ ::_Jre6J.ctable J.ncrease of th~:::otropy w1t~1 1ncreesed 
lllclJ.catJ..,1t; 1 also, t:1e 1.ncreawe of thlxot:r-o:~y uJ.th 1ncreasc of 
concentratJ.on of c~uls1f1er. 
It ~lOUl~ be ant1c1pate~ that ~ecreas1ng the part1clc s1ze 
wou1cl aLlo a.i:fecc t~.e> floccu1atlon a.1d, hence, che tlnxotropy. 
A nu.1bcr of ot:~er i.: . ..:.ctor.s nu.st '.:>c cuperJ.r.1poseO upon thls ralo.tJ.o!l-
-.Shlp but tl12 effe<:t lS l11us tra tee' for the CPC s crlcs, Fl,; G. 4. 
J:;xanJ.nc.tJ.on of thf... results 1n Ta"'Jlcs 5.1 anC 5.2 shoHed 
that the computer d1U not o.luays reJC:Ct rcGults fron sysLOJ ... 1s 
wJ..th a lc:.i':,e thJ.}:otrolJlC hysteres1s. Tnus H:11lst ~t 1s poss~ble 
tho.."L c.ll the flocculcc ·.vcrc Jrc~::en c.,o ;n .Ln-co pr1nary partlclcn 
at the J";.D..XJ..t.!IDJ sh.:::3. .. c rc.tc 1t 1s also pos.s~blo t..J.a't the OOi.m 
curve wa.s a JJ.1CD..2>U.cc of tl1c flou propcrtJ..os of a sJ.spel1SJ..on of 
ntubl0 a;gre,3ates. Tll1s l'D..Y account for sm,tc n.nomo..lJ..eG but 
As note( 1n Chapter ~~o, there J..S o.. consJ..Qcrablc body of 
f1n1 tc th1ckncss o. t the in tc:rface of each cnuls1on c~ roplct, 
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it shov.ld be fron c~1rcc t nco.surcnen ts 1adc upon ~ t. In the 
present invcstlGDtlon addltJ..onal support for tl1c e~J.Gtoncc of 
thJ..G lntorfncJ..o..l flld ho..s been ob-coJ.ncd b~r cono1dera ~1on of the 
pt.!rtJ..clc .3l1o.pc o.nl the c. ·nls1on C:cns1 ty. 
The prcccllCC of _)olyhcclr&l pn.rt1cl.:-s 2.11 the ty1Jc of 
anuls1onc unCcr J..nvcctJ.so..tJ..on l1as been dcrionstrD.tc~ and the 
c'ioto. ohoun l£1 rl.:_-- 4.6 LlVJS aclequatc co ... 1fl.C.tO..t~,'ll of the 
OrlGlll~l GU~CCGtlon (1~0) thrt thl3 lS euc to loc~llCCd clocc 
pc.c::J.11~,, :1ot cysto..lllSC'.tJ.on. The rhcor;rans oi thcno systc11s 
(FlG 5.1) sho,, t~1~t po.rtlclc-pn.rtJ.clc J.ntcractJ.oD.G occur 1 /Cll 
belo.1 t!1c tlworctJ.c_,l ~::lO.Xl 1un for clocc lJD.cl~l1F ... of sphcrc.s 
l'lGpcrSJ p:1.J..SC I'C..tlOS lll CXCCCG of 0.1 lllCJJ.c.o..tcG t110 SC!..l10 offcct. 
801.10 C011clus..Lonu '.J..y be (ll"'.J.\·hl .f.con the D..V2..lln'.Jlo C::.tc.. As 
d1scusso~ by LJ.ccant (21:7) ~lobulcs u~eor close po..ck1nG 
cond1t1ons d1stort to Qodccnhadra: 
(a) If a polyhedr~l part1cle be reGar{cd as a sphere under 
constra1nt so t':at 1t 0cconcs a dodccnhcdron, tl;.c :9art1cle 
volm.1c lS the S~!W but t!lC po.rt1clc bGhavcw as 1f 1t has o. 
larGer surfcce, cqu1valent to that of the clrcl!nscrlblnG 
sphere. 
dodecahedron, the Glzc of the Pcan ~art1clc 111 the systcu 
r/1 = 0.)5, hc.s a Clrcunscr1b1n~~ sphere of 3.5J ;u, 1.c. Chore 1.s 
a lay or 800 1:. t.11c~: a.rounc1 1 t. 
(b) ~::tendinG tho SD.QC arguocnt, the partJ.clc Bl3C analyses 
of the sorJ.CS of C1rA3 C!,lU1Gl011G prcpo.rcd Vll th J.ncrc2..Sll1G 
d1spcrsc phase rat1o (Table 4.Lf) Hero recalculated to tc1ke 
1uto account the l:ncun nu .. !b::r of polyhedra 1 ::t.tl"!:t.n c2..ch s£lnplo, 
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Tho ac tunl su.rfncc J.rcc.., o..s -)unlllG the polyhcCirc. to be rce;ulc..r 
VJC:"c calculated to y1clC., f1rst, a .wan surfo.cc orct ... , ..::. .. lC:: tncn, 
tl1c rac1J..1 : 
thJ..Cl{ncss of tho lvycr of 1 -J.J.)hcrc of J.nfluc:ncc'. 
adru.ttc<lly npp:;:·o:;:J.dc:tc <:..ne.~ thci"J E:rc ll1Sufi'l.cl.cnt vo.luco c..t the 
uppc.i." cnt:. of tLu rccJ1~c the v .. :luc for thl3 dlffcrcncc r1sos to 2 
~1spcrcc phase rnt1o. 
l._"rccr tho.J.l np Jo.:..rcC frou d.l.rcc t I.lOO.GUl"'O~.lCnt. 
1
.11hu::;, volu 8 (V) occup.tccl by rr p.:...~.""Clclcs of r1l..J . .l 1 01;cr d 
= 
H IY c.1J 
If each pnrtJ.clc io sur£oU1H1 Ccl b~,r a l .... ::.yer of thlclmc.:..s /' the 
2ctual voluMe occuplucl 
= 
7 
ii lr ( c_ + 2 A ).:> 
b 
The .~,1CJ.Xll1Ulil volurw (0.71~) cnt1 the octu.<J.l volunc dD..Y be equated 
such t!1o..t 
(d + 2~)3 ;c_-:3 = 0.74 
V 
. . ' 
,, = 
(cl+ 21\)3 = 0.71j X u 
N,y 
- (2 
"'qucc t~on ( 2) ~G nn.' lnsouc to Shcrr.mn 1 c cqun t.Lon for the IJcnn 
Table 6.4 Dimensions of the particles 
disperse nhase ra t1:;:ocz_.:;tak=l='-7.~:......::'7"'rr::..:;....:.::~=:..::.:.:c..:.:.==-"':.....J=.t..::.=="'-..t:::.== 
~ Nass }Tumber of particles Total surface area A:~a per_ p~rt:lc!_e -I Radius per P"::t:lcl:_ Dlffp-.,ence 
1n lOO g of emuls1on ----- -- ---
X 1016 
Theoretical Actual Theoret1cal ActualiTheoret1cal Actual 
cm2x 109 cm2 x 109 2 2 )1 )l )l }l }l 
-- ~------
' 
0.05 3.253 1.220 1.221 3-75 3-75 I 0.546 0.546 -0.10 4-639 2.135 2.136 4.60 4.60 0.605 0.605 -
0.15 4·492 2. 776 2.790 6.18 6.21 0.700 0.703 O.Ovj 
0.20 3.883 3.145 3.166 8.10 8.15 0.804 0,806 0.002 
0.30 3-382 4.041 4.112 11.95 12.16 I 0.975 0.982 0.007 
0.40 2.276 4-575 4.690 20.10 20.16 1.266 1.281 0.015 
0.50 I 1.646 4-979 5.125 30.25 31.14 1.555 1.575 0.020 I 
0.55 ! 1.338 4-909 5.151 36.70 38.51 I 1.710 l. 754 0.044 
L ' I 
--------
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c11.nto..nce of scpo.rc.t1on (a ) C'.J..scus::..cd 111 2 • .).3., pc.c:,-c G;J. 
11 
of t:1c d:u:;por::;c pJw::;o at Lf;J 0 the llkoly lo'JCGt tonpcra turc before 
sollc~~flcntlon conmcnccc (Fl.G' L~.l), the 3.u2)l dl.etiuctcr .o:)o..rt1clcs 
of t.2c syctcn ~ = o. 55 hc:.vc c. layer 720 R nL'ou.nc- thctl. 
dlf.icrc~1cc bct,won t~1c thcorci..lcal and c:qwr1ncnto.l cdulolon 
~cnsl.tl.oc, tvbulntc~ ~n T~blc 4.5 l~rtynov (270) ~l.Jcus~cd 
-ch1.c 2..no1w .. ly 1.11 c,ct2.1l .J11d nho·Tcd t:~nt, 'lhcrc t~1o ro.c~1.uc of 
curv<:.ture of -r;hc surfc:.cc of Gcpo.ra"Clon, or the thlcknccc of the 
f1lu of one of the pl1ases crco.tly cxcccdJ t~1c ophorc of 1nflucncc 
of the colocular forccc (c.~. 1n the cosc of l11~hly concentrated 
c.mlc1.o~1s) th2 volUJlC of the oyatc • .1 (V) 1.s :;1.vcn by: 
V=V +As 
0 
phcscs hc..vc ncpo.Tatcd 1.~1to t'IO .~~c.crolvycrs, A 1.s the th1cb:1css 
o.nd S 1s the .surf.::.cc D.-1."Ja. '3...L!lC c the • 'D. GC 1s uncha.~.1[;0'l, 
coatl..1UlJ.1~_, '.•!J.th t:11c tcr111.nolor;y of cquo.-Llon (1 ), pu.s,o 99, HO 
can ur1te 
• • 
~). 99 ) 
( t = 
l 
~a 
l 
(t 
lOO 
0 + (lOO-i1\)_ + AS 
\o c\1 
t~,eol·~tJ.c, l r'o.1Cl.cy = .,-.=1:..:0:..:;0;..,-,,.,..-::-, 
10 + ( 100-lh) 
eo \'" 
-(4 
-(5 
-(G 
(cnntrl, Jl• 128) 
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Table 6.5 Calculated values for mean d~stance of se 
and th~ckness ef ~nterfac~al f~lm A • 
--
! Code Dispers~on am (p) A (p) 
-
-
CTAB ALS 3·155 0.1033 
60 1.165 0.0330 
CTAll BLS 1.650 0.0601 
0 2.428 e.1093 
5 0.920 0.0479 
10 0.920 0.0518 
15 0.872 o. 0319 
20 1.455 0.0680 
25 0.920 0.0454 
30 1.943 0.1010 
45 1.214 0.0541 
60 1.069 0.0476 
120 0.557 0.0304 
C'£AB CLS .L.~;;:;~ U.U(;ii:J 
DLS 1.600 0.0743 
ELS 1.069 0,0679 
FLS 2.780 0.0183 
GLS 0.841 0.0355 
HLS 0.680 0.0337 
ILS o. 368• 0.0317 
JLS 0.987 0.0293 
KLS I 0.840 0.0115 
1 LS 1.870 0.1166 
!IlLS 1.285 0.0698 
ULS 0.174 0.0368 
OLS 0.203 0,0320 
p T.q 0.1~8 0.0269 __ 
CT,Jl 1/1 LS 1.362 0,0803 
lvi/1 LS 1.365 0.0768 
J/1 LS 1.248 0.0267 c'J~ r.s 1.522 0.0538 
CPC ALS 1.650 0.0753 I CPC B 0 2.620 I o.fo14 15 1.600 0.0795 
20 1.455 0.0784 
25 1.135 0.0578 
30 0.970 0.0400 
45 0.847 0.0456 
60 0.824 0.0496 
l?ll 0.800 o.o221 
CPC CLS I 1.019 o.o480 DLS o. ;ao o.o257 
BENZ ALS I 1.260 0.0725 -! 
/contd. over 
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Table 6.5 cont~nued 
Code D~spers~on a (Jl) )\ (}l) 
m 
CE!.I AI.S 1.212 0.0364 
0 0.847 0.0445 
15 1.455 0.0870 
30 0.920 0.0413 
60 0.847 040445 
120 
--
1.019 O~QIQ2__ 
DOSS I.S 0.726 0.0217 
0 1.135 0.0277 
15 1.455 0.0092 
30 0.388 0.0163 
60 0.242 0.0134 
I 120 0.015 0.0095 
= 6 0 
dfo 
-(7 
Equc.i..J.on(?) ,J,_:J uccc~ eo ca.lculc..te Vc.'lU0J oi A fro1 the clo.tu of 
1\.l 'ol-.; 4. 5 ,_tnU tnc..3c etl"'c t2..~ulc tc cl 1:1 Tu 'Jlc G. 5 Fro.1 tl11,:, t<::.0lc 
J.t ,Jc...s J.J~n.GdJ.n.t:.:ly cl~nr th<J.t tb.J value of-\ w2..G uno..ffcctcr~ by 
the conccntrc..tJ.(L1 of the enul:Jlf~cr, the d.LC.._Jcr.sc J_1h'""sc ro.. t1o or 
the pc,rtJ.clc ,JJ.ZC of tn0 oyst2ll3 but there ,,,,:;,s .J. 11::.r~ccd corrcl<::..L.J.Ol1 
c.onpc..r J..:J on of tllJ.s C:u. ta. .LS s ho'.r-.1 J.n Ta Jlc 6. 6. 
To..•Jlc 0.6 A co!ln2.rJ.co.n of t1.12 vclvo.s o.f ,-\ (Table 6.5) 
--------------------- -·--"-~- ~----- ----------·-
:z."ulGl.flcr l ic ..111 V21Uc Nu.~bcr 
1 
F~dUCHt1 lli:ll t3 
nystGn of 
-\ eR> (P = 0.95) 
CT.!l..J 51l3. 7 31 98.45 
CPC 566.7 ll 145.02 
CBll 540 • .3 6 160.56 
DOSS 163.0 6 45.82 
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Test of Sl~nlflcanc~ (Stu~ents 1t' test) 
CTJt.J vs CPC not G1zn1f~c2ntly d1ffcrent 
not ClGDlflc~ntly d1ffcrcnt 
CTJ,3 vs DOSS 
It 1c o&tly po3slbl~ to t~kc sgcculnt1on a l1ttlc further. 
Shcrrw.n ( 406, 410) clJ.scusGcd the uork of Dc.r JRgUJ.:l o.nd h1s 
school on C~1c vJ.sco.sJ.ty of flu1c: fJ.lLlS of the cont1nuou.J 
the bulL l1qu1d, ShorrL-:.n sup::_:oosucl t:12ct chan ... _,cs 1n the 
cnulsJ.flcr conccn"t;r...:-cl.on nffoctoc: the th1cLnoss of the lD.ycr 
and l1cncc the vJ.scosJ.ty; tho suppos1t1on 1s not su,:ortcd by 
tl1c d~t~ 111 Table G.5 altl1ou~n nocc .Jerk 1s rcqu1rud to 
est:J.bllsh t.11.3 r.1orc clc~rly. I'fovcrthelcGs, S.!.wrno.n r1uct be 
tern ?o (vJ..scosJ.ty of the co.1t-1nuous ph-1-sc) 1n cquatJ.onc 
ohear rat:..:... lo.rgc enou~h to co.unc C.cfloccul2t1on the .:-;lobulo.s 1n 
concontro.tl.J cr:ulGlOILS 1111 0o scpero.tccJ by very th1n f1L.1s of 
co11tJ.nuou::; ~~wd.Lur.l and the true VlGCOGlty of th;:: contJ.auou.s 
ncch .. ULl .n.ll not be roprcscn~ccl by the; bull: VlscosJ.ty /. 
0 
It 
also &u~cootoC ih~t a cont~J.bulory factor .Ln 1ncrcasod VlGCOs1ty 
of odulslono 'r1.t:1. 1.ncrcasco:.1 ho·wcc::nls<J..tJ.on ·,J'O.S due to tllv 
prG&OLlCO of ~... Jluch th1nncr fJ..lm bet rc..)n 1 • .110 slobules. IImrovcr, 
Sltlcc th,_· thlclrncso of the t1ln do-.)G not appear to be o.ffoctot.. 
b~/" the part1.clv SJ.r-:.o th1s scci.lS unllkcly. 
tioro recently Dujo.~uJ.n (dJ) a~cl otl1ors (]20) h~vc ropo£lud 
011 t:lJ.11 fJ.l.w of H~~tor or a.c~.sorood .s:urfece nct1ve o..~onts. Tr.e 
relevance of t~!e obscrv~t1on 1n Table G.G that tl1c 1ntcrf~cJzJ 
loycr 2._.;>pc.:-..rs to ':Je of J.pprozJ.In::ttcly tho SD.11C th1cknoss fo~' 
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a nuubor of c1J.ffcrcnt GJ"luls~ficrs 1s not at ~Jroscnt ccrtn1n, 
but the values obtalacd urc close to those of socc of the 
bouncl.::.ry lnycrn r.w,_u:;urod ':Jy these uorkor&, 
:5.6 A Ghcory of pGcudoph.Gtlc flO'.I 
As r'lGCU.JG<Hi L1 Chapter I\10 (ppc. G5 and 66) there J.S 
ccncral aGrccr1cat th~t the ~art1clo s1zc and ~J.otrJ..bu~lon of 
pa..ctlclc SlZC arc 1nportnn t •rhcn conGJ.dcrJ.nG the flou 'Jchaviour 
of suspcnDJ.ons of sphc.cJ.co.l po.rt1clc:>. It J.S po1ntcc~ out tllot 
uorl:Ci''.S 1n th1s f1clC. cc..n be clo.3clfl.cc:J. J.nto those 1>1ho con.GJ.C:cr 
the part1clo rJcc:1r..llllCC only U11c\ thocc ·t~ho C0!1GJ.dcr only the 
propertJ.c.s of the surface a, o. co.jbJ.n2.tJ.on of the t\r/o pointa o.f 
VlOH offC£'111'_; SOltC o..ttrJ.C vl011S • 
T~1c stl."'uctu.~."c of cnulclOl1G frorJ the con:JJ.OoratJ.on of aurfJ.cc 
prop<rtlCG ~.s c.1l.GCtlGGcd 1.n ScctJ..on 2 .].1~. Hccontly GJ.llospJ.c 
(525, 525) hns s:10·m hm; ::: conslC:cr:::tJ.on of the nu:1bcr of 
structuru.l lillks ~n ..1 clJ.oporsc phose can be uscC_ to prcd~ct uJ.th 
BOI11C prccJ.sJ.O::l tl1c flo 1 bohavJ.our of G.1.lo tan t or tln.xotropJ.c 
suspcn.JJ.ona. Th1.s \'/Ork, dcrJ.vcd fro~1 the Goo(~cvc theory of 
structm·c (12) - 131), rcqulrcs ::t knoulcc~;c of the nunbcr of 
lJ.nko 1.11 u.:n.t volul1c O.llC: 1t scens clco.r tl1c.1.. ti11.s ... 1uot be 
J.:lfluc:lc..ccl by the .surf2.cc o.rca of t~1c ch.cpcrsc p:w .. so. Accorcl-
J.nGlY, a ten tc.tJ.vc o..p_Jroo..ch to this probluq JC...G ULtdc by 'JD..klng 
sJ.upllflcr~ o..ssurJ)tJ.ons o.Jout the propcrt1cs of "Chc lJ.nl:c and 
trco.tJ.nG the procc.o.:; Vl.GuolJ.sed by Gooc,cvc us a .. 1osc.-tro..nsfcr 
phcnoncnon. ~he c1crJ.vntJ.on of the follouJ.ng cquo.t1.on J.G 
dcscrJ..bcd 1.11 Appcnc"!.l.x Three. 
b.X ff(x).Cx_ (Xx .,. .<:1 ) 
-(0 
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An dc.scr~bcc', X o.r..c1 the 1ntcsrc::.l urc c.osent1.o.lly the part1clc 
s1.zc clJ.strl.butJ.on trnnsfor:tccl .:md. b. J.S o. ncc..surc of the bJ.nd1ng 
oncrg-J of the l1nk.o. U&l.llG the cto.to. of Tn.Olcs 3-J c..nd 5.2 
valuc..s of b. Here co.lculo..tccl for the L,n.tcrJ..:tls for ,fln.ch the 
~'lJ.llJ.allson CCJ.i.l.J.tJ.on uo..s apparc.~-1tly valid, To..'Jlc G.? InopcctJ.on 
of th1s t2.bl0 c!1011S the:. t Hl t~1 so ne cxcc~JtJ.ono there J..S a brouC 
ne.s.surc of o.crcc.L1C.1 't. In v1.cu of the nu.l.~bcr of o.ppro:n.11atJ.ons 
.nc.dc th1s 1 .. uct be consJ.clorccl rc~oonably so.tJ.cfcJ.ctory. It 
l.11Ght prove :Jocsiblc to 1nprovc the ._,j_lproach by, for c:v.:c-, 1plc, 
co:.toJ.clcrJ.n~ the proportJ.c~:; of the lJ.nk.s J.n the faoh1.on &U[;GCO tcd 
by 1'al::o.no (~56) or l>y G~l1.osp:LC (~.c~t. ). Ho.JCvcr, one 
obsto.cle •.rll1ch J.S l1kcly to rcn::..J.n 10 that of l~"'lOillllG' for 
ccrtllJ.ll t!lo VJ..sco.s1ty at .tnf~nJ.tc shear rctcs J.S c1 uc to pr1nc..ry 
pe\rtJ.clcn \ll t .. l.n the GJ3 tc..J c.ncl not to stable ~GcreG~tcs, 
p.122. 
rosnlt.::: but nor.) \lark J.S .c·oquJ.rcd on thJ.G o.c:)oct. The \IJ..c1c 
varJ.ntJ.o~ note~ J.n ~he C.P.C. s0r~cs .my be due to th1s effect 
sJ.ncc, c.s cu.n be soon J.n Fl~ 6.lr, there lS np_)orontly cons1d-
cro.blo J.ntcro.ctJ.on ns the surf \.Ace n.rcc:. of t!w systcna J.ncrc~.sc.s. 
Thls J.C s!lmll1 by t:.c incrc.::.scd thJ.xotroplc i.1ys tcroGJ.G ~1h1ch 
D.~:).:D.rS to '.Jc 0.. LlO.nJ.fcsto..tJ.On of D. floccul::t..::...on or nc,:;-rcco.t.J.O!l 
pllcnorn.cnon. 
J"-.. SttGc;estJ.on for 2-.ddJ.tJ.ono.l Ho.ck elonG thcGc lJ.ncs coaccrns 
the forno.t~on of 1:t,1!m u~Unn o.n c:m1caon systcu Gt rest. HGny 
c:uthors hGvc cons~dcred t!te nunbcr of contGct po:tnts bet1:ecn 
pm·t~c1cs ~n a pac:Cctl sy3tCI.J (27,182, 311, 51lf-•6, 526) but the 
prolJlcr.1 h<J.s not yet Jcen nolvcC for o. ranclo·J SJ.Zc clJ.strJ.butJ.on. 
The ap;oroo.ch out1L1oc; by Dob'oas 8. ilu.lpf (526) LlO.Y have pr01ncc 
.::'..lthcugh thc.:.c <..luL:1ors cl1C. not, 111 fact, Gucccec1 1n obta~nJ.nG 
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Table G.7 ValuGs of tllC l'-''-' blncl:Lll-; enurr.y (b) ootcnned 
frou cquntlon (d) 
-----,--------- --- --z;: 
_ ~;e _ _1;.£::~!:c ~ho_!~·l-)_ _ __ -~'-nl;;_ e:l'O.£GY _sync g.{"-'-'--~ ;LO 
CTA3 A LS 1,09 x 10 
-=---=:-7A - {e_Q __ ].2 • _Q_ --- 4 --
CT,.3 0 0 1.23 x 10 
D 5 6.50 
E 10 6,71 
B 15 4.03 
B 20 71.3 
B 25 1,35 
B 45 __ _ ___ _ 189 
C'fAB C LS 195 
D LS 56.~ 
E LS 5,114 
F LS 25.6 
L LS 117 
H LS 172 
li LS 1 9 .9 
0 LS ! 65 ·9 
--------- - ~-.-- ---·-------- ---- ---------
C'l!..J LL LS i 72.8 
HL LS 59.5 
CL LS ___ : ____ g9 ------ __ __ _ 
--"'-C~P::: A L!L_ ______________ 7(.1 _ 4 __ CPC B 0 1.06 x 10 
B 20 Gg,B 
B 50 0.22 
I 3 45 6.23 B 60 ).67 x 10-3 ~~-- g~~ ~ i~ -- - ---- -+- --------~tgf--:: __ -__ --
1 A 0 I 10.35 
A 15 ! 0.15 
DOSS ~-f~---- ---+-- &:~~ --------
A 50 I 0,04 
4 6o o.4o 
________ h_l_i;'_O 0.2
7
0 ____ _ 
.J~nz A LS ; 3, 76 t-----o---o.o5-- - ----- ·-- ·- o.3'+ _______ _ 
0.10 o.87 
0.15 0.96 
0.30 12,20 
o.4o 7.18 
0.50 12.10 
0.55 9.18 
' l 
I 
! 
---- ---~ 
The ne an of CTA3 ,·coul to < 103 , except ).) ::;erlC3 = 73,8 :!: 3~ 
(P=0.95) VarJ.atJ.O•l J.n CPC oerEG l3 uu'c but l'ee,l) 1 ~ 10 = 
He an C.ri;ll == L:-. G 3 
11can D03S = 0,25 
7 
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a .solutJ.on. Ifowcvcr, 1t 1.s probable th: t there l.S n connoctJ.on 
the y1clG. vo.luc of il!l c..1uls1on oys ten. 
to rclc.tc y1.clci value an(• surface cJ.rcG. HC's :1ot cucccssful 
U'31UG the prcovnt do.to. a ... HJ 1t is cloo..r thctt a :1o.cc c1otaJ.lcd 
thcorct~c~l ccp "roach to the: problo,t ~3 roqu~rod. 
6.7 T110 l.11flucncc of J.-:trtJ.clc sJ..zc U1JOn t~lC flo''' bchuvJ.our of 
0HlU1SlOllS ______ ,_ 
In orCcr to sun .. c..rJ.Gc the contrJ.butJ.on no.clc by th0 t_Jrcsa.tt 
J.nv..;stJ.cc..t:!...o~l 1.t n:ty be u.:,eful to conGJ.clcr t~1c conclu.: .. n.o::..s c:ruvJ"n 
by cnrl1.cr \Jorl{.crs, CG.(JCCJ.ally Shcra:tn \·1l1o hn.s CJ.scu.sccC: the 
po.pers. 
p.:-trtJ.clC SlZO lk1VC U~)Qll the flou bclH:tVl.OUi.., Of CdUl31.011 &yS"CC!J3 • 
He clcuxly con.:n.Clc:rJ the .1co.n dJ.sto..ncc of ..3Cp2.r,_t~on, n,,, to be 
., 
of l.r:tport~ncc :tnc.. -cln.s 13 C:.lccusoccl 1n 2.5.3., pc.gc G3. For 
the ?Ur4')0sc of conpo.r~son t~1c values of a o.ro to.bulc.<tec~ ~n d 
To..blc 6.5 v..nc1 no corrclc.tlo.t1 could be C.ro.1n.1 in th-.: n~nncr he 
ousGcsted. Hodcvcr, the value of u is ossont~ully u dcr~vut~vc 
m 
nun lJO.c~:::~nc dJ...spc:rsc phc.sc rut~o 1c a connto...nt, Th1o lc:ttcr 
ansu.l~Jt1on ~s not o. r;ood ono c..ltllouL)l, o.s noted, there 1s cm:~.o 
reason to .su~Jport lt Ll at lcc..st th~ aystc:-t::; ~.L1VC3tJ.Gn.tcC. here. 
e:'lulslon foriK't~on on 111.croscoplc oxa. ... Ll.J1at:Lon, c,c.,. F1g,s 3.1, 
H0ncc althou;::;h Shcr 1C.n Coos .1ot use the 1.1Cc.._1 
po..rt1clc sJ..zc c1lroctly he J.S U.Slnr; a c1orivntlvc of J.t. 
Unfor~uantoly, hls uce ~s not coas1stc~t o~aco l1c rolat0s 
to 7r ll1 tuo cqu:::t1on ao follo./s:-
ln '7 r = C 0-_) + X ( 403 , 414) 
a 
L1 
ln hr = C - X11 f .-1 (410) 
-(9 
-(10 
1fllc for .. 1 of cqu:tt1011 (9) 11a.y vary u1th the dc:;rcc of 1nhor~o,:cn-
cl ty of the syston Lll1Ce the constc.nt C dcpcndcC:. upon the 11.00.11 
sue (414), 
Equ..:.t1on (9) lG cons1stc.at H1t:1 ~11.G uc;e of the 1.wan <1J.ar.wtcr 
(cl ) :-
c' 
?r = X + 3 (1: 09) d -(ll 
11 
an. cl 7r = X + c (407) 
cl 
-(12 
d 
Equat~on (10) Hils clil~J:cd (LclO) to lw.vc a lnchly tnonf~cant 
sto.-cJ.otJ.cal corrclct..Lon '.VJ.th the dato. over 8.11 vu.lucs of ~ 3tuCi.Jcl. 
In n uorc recent publ~cnt~on (414) Clat2 wc.s cor1parcc1 fron carl~cr 
authors us1ng eqL12<.t1.on (9) o.nd gc..vc catJ.cio.ctory correlatJ.ono. 
Th1s lrJoulcl D.PlJcar to De an unvn . .se ccncro.l do due t1on .Sll1C c these 
J.Ut!1or.s u::;0d 111 the raa1.n dJ.spcrs1on.s of sol1d spheres of no.rrou 
SlZC eistrJ.bUtl011.• Shornnn also rcl~cd upon tha po.rt~clc <nzc 
d1s tr1bu t1ons of ei1Ul.sJ..on.s a.nd on VJ.scos 1 ty nco.surcncn ts 
obt<.11nod by cn.rl1cr Horl;:ers. As p.ccvJ.ously noted nuc~1 of the 
partJ.cl ...... GJ.ZC dc.tc. nust be reGarded o..s unrcl1.n.blc .s1ncc lG Nas 
obt ~J.ncc~ by n1.croscope ano.lysJ.s. Thi.:: cm.1.10nt o.lso o.ppll.cs to 
Shornu.n'G oHn dctn.. DctaJ.lcd ano.ly.:;;cs o.rc g1.vcn (407) v;h~ro the 
.tJ.nlnUrJ SJ.Zc J.G usually 0.95 p.., J.nc11.cc.tJ.nG that subrn.cron 
pilrt~cloc nrc lo.rr:>cly d~3cotmtcd alL:10ugh the n2X~1mr.1 s~zcs 
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narrou. Shornc.:1 later pro1)o.Jccl (1~15) thnt o. roclprocal 
dlruJotcr be ut1l1scd 1n or~or to CIIpho.GlZC tl1o nuncric~l 
contr1butlo!1 1ndo by the s,l.:tllor port1clcs. 
Ho.L1cc, c.lthour;h 1t nu.st be concluded th('..t .Shcrn~n's 3Cncr-
allsntl.on.s {o not n:;]ply to the systcL1G cxc.rnnod 1n the present 
~nvcst~Gat~on tins 1,1ay 11ell be due to the ~nhcrent propert~e::, 
o[ these systcns or to the lac:: of rcl~o.b~l~ty of his do.to.. It 
.sccL..s rco..sona~lc to concluc1 c thnt ln . .s SU0QCCClon l[.'..Cl~s utJ.lJ.ty 
s1ncc 1t J.G bnsocl upon n. GUS}Jcct cn::;nrlc<::.l O.IJj,.Jrocch .:tnd doc.o 
not take 1nto o..ccount so.uc of the other fo.ctors ,,ln .. ch, fron 
tins present Hork, o.lGo nppec.r to affect the flo11 belwv~our of 
enulo1ons. Those fc.ctors o.rc 111 o..ddltl.Ol1 to the conclltlon of 
the c.~lspcrso ph.s.'sc and 1ncludc :-
(i) D..3[;rcgo..t1on ct11c, floccu.l.::.l;J..on bcho.v1our 
<~~) concentrct~on ctnc1 type of c'mlG.Lf~cr 
(111) d1.spcrsc phdsc rot1o. 
As dcscrl'bcd 1.n tll0 c.J..rl1.cr scctJ..ons of th1o Chapter, there 
o.p1)co.r to be sane 1n tcr-rclc:.tJ..onohlps bct.JCC.L1 p<.lrtlclc s1zc 
n.nd dJ..strJ..butJ..on of Gl.ZC anC:. these three ncldJ..tJ..ono.l fnctors. 
For cxc..2plc, the larsor the d1sporsc ph.:>.sc r:::.t1o the grcc.tcr 10 
the J..ntcro.ctJ..on bct,Jccrt ~nrt1clcs D.11d th1s <J.lso apparently rccults 
111 D-n 1ncrc~sc of .•cf'n pn.rt2..clc GJ..Zc of the systcn, }:).120. The 
conccntro.tJ..on c..nd ty~c of c!mlsJ..fJ..cr .1o..y :10ll hn.vc n d1rcct 
effect upon the condJ..tJ..Jn of the ~1.spcrsc pho.se cspocJ..ally s1.ncc 
sane enulo1fiern 2p:;_:>0o.r to be !.lore cffJ..cJ..ont than others. Us .LUG 
the 1.ndcx of thJ..xotroplc hystcrcsin o.s a L 1 2C'.Gurc of the 
ar;,srccntJ..on-flocculu.tl.oll bch<:>vJ..our the conccntrn"GJ..On o.ncl type 
of cnulsJ..fJ..cr ho.vc ucll-dcfJ..necl cffcctc. In the proposed 
equntJ.on (G) the fo.ctor b. J...G c.sscntlo.lly c.n J..nclJ.rcct nco.surc 
of the forces 1nvolvcd 1.n t~1c crmlsJ..on ctructnrc. The ap1)roach 
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J.G thorcforv a. c oubJ...~.1o.tJ..on of the bra schoolc of thou_:h t on 
the. propcrtJ.cG of c!lulsJ.o:!1s. :'lhllJt ::. t;rc,_lt dco..l norc uor:: 
.ccrlul.rcs to be clone 1..1.1 order to clur2fy n .. 1c1 inprovc the 
:tp~Jroc.ch it 'tloulc.1 nt lcoct oppc.s:.r pronJ.sJ..ng. 3ottcr Ccf1n1t1on 
of t:1o ~)c.rtJ.clc Gl.zc clJ..ctrJ..butJ..o.~.1 of nn CIJUlSlOr! sy.stol'l ::!..3 
ccllo0 lor 1n th1s type of lnvostJ..G .. :~tJ..o .. 1 Gl..1CC prcJJ..oun ,,orl:::cr.s 
hc:.vc tc11c.,cc1 c1.thcr to c~J.scount t:1o presence of l)C'.rtlcl~s bcloo.r 
the l1.11t of Vl.Gl.blllty of the .IJ..croccopc; or, l1kc Shcrnc.n, 
nd .dttcc.l thc1r _prccencc but been uno.blc to rwo..surc thc .. 1. 
ShordC.!l cuc~c::.;tcd (41Lr) that -cl~c Gll.:tll pc..rtJ.clcs llJ.Y exert 
con.sl.c1crcblc cf.Lccts u:pon vJ.ccosJ.ty. Fror.1 Fie 6.Lr 1.t n.ll be 
.seen t;!ct o. alJ.,:;ht J.ncrc2....sc J.n surfc:.cc area co.n result 111 o.. vcr-.;-
large J.llcrco.oc of hy.stcrcsJ.s or O..Gt;rc[,at.ton bchnvJ.our. Th1s 
oucgc.ot.s tbc.t thJ.G tyvo of boh,:.vJ.ou~ ... ll:.J..Y result 'Fhcrc the po.rt.tcl,_;.s 
.:>re no lonf_,Gr L:'rgc er!.O~.-l[;h to rcsJ..st :BrownJ.nn notJ.Oil, co..u....,..Ln:; 
lS ccncr~lly true for ~ub~J.cron po.rt1clcs 1t JJJ.Ght, at lco.ot 1n 
part, .:1ccott.1t for t:1e J.n.!luencc tho.t ouch s 1....111 po..rtJ.clcs can 
h:-.vc upoa flou bohv..v.lour. l·cc:lanJ.stJ.c J.ntcrprctn t1ons • 1.<-"'...Y 
c..l.so 8c J.nvol:oc1, such as -eh.; f1ll:tn;; of vo1ds bctucon lar0cr 
F1nally, 1~ .1~ conclu~ed thot the solJ.~-lJ.quJ.d c ruls1ons of 
th ... 1t l:J 1nflucnccd by the follmr..Lnt; pcrc.nctcrs :-
(l) o. derivl'lt1ve of the port1clc sJ.zo d1str1butJ.on 
(11) the C011centrai..lon nncl type of the cnul.sJ.fJ.cr 
(J.J.J.) the dJ.GJ:)crsc phc.so ro..tJ.o. 
- 137 -
dct!1oG.3 a:ce Gel t1s fo.c tory. 
2. TllC effects 11roduccd by ul traoonJ.c J..rrac'l:La tJ.on ..:re G .2 
varJ...:!0lo nnC. ap_Jcc.c to be a .ru.~.1ctJ..oll of the c lulsJ..fJ..cr. 
3. 'fh~ vffcct of CJ!ulslflcr conccntrat1. •.~.1 011 c.lulsJ.on 
VJ..GC03J..ty no.y be c:uc· to c.n effect upon thv dJ..3perse 
phocc p~rt1clc sJ..zo. 
r " 
vo.) 
4. Tl1c ~artJ..clc s1zc J..ncrcascn d~tl1 t~3 d1spcroc pl1osc 6.] 
rc..tJ.o. 
5. ThJ.xotropJ..c hy::,torcsJ..s J..G cffcct .... ci by the c1J.G~Jcrsc 6.4 
ph:sc r~t1o, the type ane conccntr~~J.on of ll1c 
7. Thv thJ..clrncsc of t~1c f1ln c..p ,..;c:.rn to be GJ..nlc.r 1.1 the 0.5 
proscncc of t:l~ca of tho c~mloJ..fJ.crs c~~loyce. 
J. Fro.l llo.ss-trc.nsfcr t:1cory c::. SJ..llplJ..fJ..cc~ rolo.tJ..on b.)ttTC8n 6.0 
the vJ..scosJ..ty at J..afJ..nJ..tc ohcar rates, the p~rticlc ( A-,1 )0-llclC: 
Thru0) 
s1zc o.nC' Slzc c1J..strJ.butJ.on and J. nco.surc of the 
9. ThJ J..nfluc11cc of pc..:-t1clo s1zc UJOll t~1c flOti 6.7 
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SUGGZS'fiOi:S F0.1 FUI'U_(,; IHVi::STIGISIOilS 
7 .l :2:1~ ctrostatl.o cJml,afl.ca tl.on 
A con.s~clcr.:::tblc c:xpl,]rJ.ncnto.l uc1vantaf3'C \..,roulc1 b0 obtn.J.ncd 
1.£ CL.lUlGJ.ons of J~nm1n po.rt1.cle DlZO could be prcpo..rcd, 
preferably HJ.t~) n..::.r .. cou s1.zc ch .. GtrJ.but...J.onn. T:lC only L1C thocl 
\Illh potcntJ..ll 1.11 thlG dl.rcctJ.on a~pcars to b0 the clcctroJt~tJ.c 
process d1..scusscd ln 2.1.4. It hc.G c.. nunbcr or dJ.sadvnntD.GCS 
.GJ.ncc, o.lthouch C.ropc of unJ forr.1 s1.zc cc.n oo produced 111 nn 
aerosol, 1.t 1.0 QlffJ.cult to e1.spcrsc the · 1.a a~ aqueous phaso 
Ircvcrthclccs, lf thlG drWIOncl: CO~ld 
be ovcrconc u.nd Lhc procc.ss bccanc pro..ctJ.cnblc on n larGe 
scale there 111~)1t J.lco be ocono~"llc advaatO.L,CS, o.c clo.1ncd by 
Dcn1cr (06). 
7.2 Further \J0..1.""~~ 0.1 the ccntrJ.fuc;n.l photooc61.ncnto!1Ctor 
In ~ts proe;.cnt ford the ~nstrur:1ent uGc:::. c.. .1h~tc l1cht 
.source to clctcct 1J,JTtlcles sedl!.l~ntlUG unCcr ccntr..:.fugal 
condltlons. Althott~h the ext1nc~~on cocfflclcnt lG cl~1ncd 
acstu!pt~o!l 2...:> by no ncans :;:_Jrovcn. The effect t as h2s upo.1 
the o.pp<:trc.Llt s1zc d1str1butlon 10 cvc11 loss ccrt .. :1n. Thua, 
1.t uould 1JC a~ltlcl~.J.tcC th.J.t the llU'lbcr of subnicron po.rt1clco 
Hould be ovcrcGtlllo.tcc1, but the nc:;nJ..tudc of o.:ny corrcctJ..on 
vrhlch l.S rcqu1.cecl c2.11not at preGc.nt oc co.lculntcd HJ.th 
ccrtD.lnty, Horo uork 1s t~1crefore: rcqu1rcc1. One ncthod 
HhJ.cll su:;scst3 1taclf 1.0 -eo car-:.."y out n. p,__1..ctlclc s1zc o.nn.lys1s 
- ng-
the ccntr1fu~,0 .J..ncl preferably nonochon.:ttJ..c lJ.Ght Gourccs of 
The use of x-rays coule be consJ.dcrod if the o1l or dls~crse 
pho.sc coat:l:Lncd an opo..quc .oubotc..ncc such .::.s tetrac-c.J.1yl leo.d 
or osr.:n.un tct.coxJ.dc, althou.t,h J.t 'l.J..s llotcd. that the latter 1s 
not soluble 1~ the G2t~rntcd type of o1l used 1n the prcscat 
lllVCStJ.GD.tJ.on. 
7.) ~E~Jfect of ryroccoc scale UJOn t~ropcrtics of 
CLlUlGlOllS 
The prcocnL J.nvc&tJ.c2.tJ.on .J ..... l3 dcliOcr:J.tcly co::1fincd to the 
scale of opcrutJ.on on the labo.catory bench uhcrc stJ.rrlll'""; lS 
cffJ.cJ.cnt an~ ratco of coolll1L arc ruplt • Hm1cvci"', 1 t 15 only 
rarely pono1blc to cxtr~~olato results obto.J.nce under these 
conc'J.tJ.ons to the lo..rGC oce~.lc processes usGc.1 to r.l2.!1Ufacture 
thc·3e types of :proc1 Pct. For cx.c:. . .:.plc, !:lJ.XJ.llG tcn(is to bo less 
eff~c1.c11t n.ncl J.t nc•y talcc a ton batch of u phai"'J.laccutJ.cnl cnulsJ.on 
several hourc; to cool fr011 the J.J.1J. t1al l.llXlll0 tcr1pcro.. ture to 
A kno./lcdcc of the cffcctG such d1ffcrcnccc 
cnn produce on the partJ.clc cJ..zc nnd dJ.strlbutJ.on of sJ.zc uoulcl 
probcbly Cl1c..blc bench sco.lc opci ... D..tlu.as to be sca..lccl up more 
rcaclJ.ly, 'JJ.t:1 obvJ.ouc cconorucn 1.n t.w clovclop!'lcnt coGts of a 
product. 
7 .If The thixotropy o_ncl eh la to.ncy of co,,c en tro. tee' cnuls~on 
e_yG tct:LS 
r_rh-! suggcstJ.on C.cvelopcd to Tal::a.ao (Lr56,L~57) tha"G CJlUlGJ.on 
part~clcs arc conncctcc' by l~D.:ru :rluch o.rc broken or refon.co 
o.t d~ffcrent ro.tcs G•'GGCstec' t.1o.t ~t rnr;ht be possJ.blc to 
consJ.der the flou of conccntro.ted. (no~~I~c'JtonJ..D.J.1) CJ .• ul:::.J.ons 
and GUSp.DJ.lSJ.Ol113 J.l:l a..n analOGOUS faShlOll to ChC1J~CD.l rf"><JCti:::o~ 
ro.tcs. It choulC. then be possLblo to detcr!1lne the 1 orG.cr of 
reo.c t1.on i o.,L1C'. c on.s1c.12r 1 floVI' o.nc1 1 c~;ru.c turc 1 1n tor.:IS of a 
'lmlf-llfo'. The rc,:o.rlm of Carver (54) o.nci Vr:-:1 ,laz0r ,::,! al 
( lt3l) c oncernlnc the t1r1e dependence of th1:::otropy hy.:; t0rcs1G 
hc..vc .:tlrco.dy been noted. ll.n J.nltJ.ul J.nvcstJ.GDtJ.on us1ng 
1.nscns1 t1vc rw tl1oclo of nc.::surcLicn t J.llt~J.ca tcc1 thn t the idc.:t iJ..::;;r 
have GO.lC substance but clo .... :trly D. srco..t t~cc..l ~lOre C::C})Crl1.1Cl1tO.l 
work 1a rcqu1rcd. The 1dcD nn.y prove to be too supcrflclc.l 
on closer lnVcStlGUtlOll but would uCCC to JUStlfy further 
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A statistical compar~son of repeated analtses on one sample using 
different methods 
One emulsion system, CTiw/B/0, was selected at rando.n and 
repeatedly sized usLn6 the standard techniques for the Coulter 
Counter and the centrifugal ~hotosedimentometer. 
A.2 1.1 
Coulter Counter 
Results are shown in t'ie; A.l and Fig A.2, plotted as a mean 
with the scatter of experLmental data. 
Repeated sampling Repeated analysis 
Upper limit of same sample 
of size 
•1ean% W3ie;ht "'tandard iiean % W3it;ht "'tandard rane,e \,u-) 
cumulative error of cu..1ulati ve error of 
(10 runs) mean (12 runs) mean 
22.0 99.74 0.26 
21.0 99.74 0.26 
20.0 99.67 0.33 
19.0 99.67 0.33 
18.0 99.67 0.33 
17.0 99.67 0.33 
16.0 99.57 0.43 
15.0 99.07 0.86 99.87 0.07 
14.0 99.01 o.G6 99.20 0.50 
13.0 9&.94 I 0.85 98.o3 0.48 12.0 98.52 
' 0.97 97.34 0.48 
11.0 9fl.21 1.02 95.&2 0.35 
10.0 97.&6 1.15 94.47 0.37 
9.5 97.64 1.18 94.02 0.40 
9.0 97.09 1.23 92.48 0.38 
8.5 96.44 1.35 90.59 0.43 
8.0 95.74 1.49 b7.03 0.45 
7.5 93.14 2.23 83.10 0.39 
7.0 90.65 2.57 7&.51 0.39 
6.5 b7.62 3.13 72.06 0.44 
6.0 £>2.88 3.72 65.44 0.35 
5.5 77.30 4.16 58.15 0.44 
5 .o 72.49 4.44 52.11 0.41 
4.5 61.59 4.30 41.45 0.22 
4.0 48.97 4.00 31.14 0.26 
3.5 3&.31 3.40 23.48 0.18 
3.0 26.68 2.46 15.82 0.13 
2.5 14.88 1.44 s.£2 0.06 
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o----~ Particle size d1stribut1ons obta1ned by repeated sampl1ng of CTAB/B/0 
10 20 
IC Coulter Counter, mean 
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The vertical bars 1nd1cate the max1mum 
and min1mum values at any one s1ze. 
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Part1cle s1ze d1str1butions obta1ned 
by repeated analys1s of a samplP of 
CTAB/B/0 
lt Coulter Counter, mean 
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The vert1cal bars 1nd1cate the max1mum 
and min1mum values at any one size. 
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!b2 1.2 
Centrifugal ohotosedLmentometer method 
Resulos are also shown in FL~ A.l and A.2, plotted as a mean, 
with the scatter of the experLmental data. 
Re,Jeated samplint. J1.epeated analysis 
Upper limit of same sa;nple 
of size !lean % ;~ait.ht ~tand.ard dean '}, wi6 ht ::,tandard range l.jJ-) 
cu:nulative error of cu.nula t i ve error of 
(10 runs) mean (12 runs) mean 
10.0 95.87 0.27 94.64 0.09 
9.0 90.64 0.53 8&.37 0.41 
b.O b4.b9 O.o5 81.68 0.65 
7.0 77.35 1.17 73.02 0.97 
6.0 66.24 1.43 63.37 1.02 
5.0 56.15 1.62 52.27 1.14 
4.0 42.56 1.57 39.lb 1.05 
3.0 25.79 1.13 24.45 0.&7 
2.0 6.41 0.50 6.56 0.33 
1.0 5.07 0.42 5.39 0.29 
0.9 3.o9 0.36 4.lb 0.24 
O.b 2.&0 0.27 3.09 0.17 
0.7 _1.91 0.20 2.20 0.13 
0.6 1.19 0.14 1.45 0.09 
0.5 0.59 0.09 O.b4 0.06 
0.4 0.24 0.04 0.38 0.12 
0.3 0.05 o.o1 0.10 0.04 
A.2 2.1 
A co.nparison OL' the results fro.n the two methods 
The two methods gave results which overlapped betW9en approx-
imately land 10 p, dLvere;ence bein., .narked at the limits. J..ccordingly, 
the results su.runarised above were recalculated to .tield the weight 
per micron interval. 
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ftepeated sampling, Coulter Counter 
Upper limit l'iean wei6ht :1> :,tandard Standard 
~) withJ.n interval Variance error as error '}. of mean 
10.0 1.63 1.57 0,56 30.5& 
9.0 3.43 3.27 0.74 21.5& 
8.0 5.68 9.69 0.99 17.35 
7.0 7.66 7.95 1.2.2. 15.95 
6,0 10.39 8.37 o.w. 8.04 
5.0 23.51 5.62 0,68 2. 95 
4.0 22.33 2'o.47 1.54 6.&8 
3.0 26.68 74. 72. 2.50 9.35 
Repeated sampling, centrifubal photosedJ.mentometer 
Upper Mean \o/eight iJtandard :Otandard Variance Test of ~ft (%) within Variance error as sJ.gnifi-J.nterval error '/. of mean ratio canoe 
10.0 5.39 0.70 0.2.4 4.48 2.2.4 N5 
9.0 5. 75 2.14 0.42 7.36 1.53 liS 
8.0 7.54 1.80 0.39 .5.14 5.35 Nb 
7.0 9.02 1.62 0.37 4.06 4.91 NS 
6.0 12..19 0.54 0.21 1. 74 15.50 s 
5.0 13.69 0,80 0.26 1.89 7.25 s 
4.0 16.77 1.39 0.34 2.03 19.75 3 
3.0 19.68 10.87 0.95 4.84 6,88 s 
mean= 3.94 
NS J.ndJ.cates that the means of the result from the two methods are 
derJ.ved from the samo populatJ.on (P = 0.01) and the data J.S com-
parable over the range 6.0-10.0 ~· S J.ndJ.cates that the variance 
ratJ.o J.S J.n excess of the tabulated value and the data J.S not 
therefore derJ.ved from the same populatJ.on. 
Repeated analysis of the same sample, Coulter Counter 
Upper limit J'iean weight % Variance Standard :Otandard ~) -.,1.',hin interval error error as 
'/. of mean 
10.0 1.90 0.93 0.28 1.46 
9.0 5.39 1.19 0.32 5.59 
8.0 8.8) 0.72. 0.2.4 2.76 
7.0 13.07 0.69 0.2.4 1.84 
6.0 13.33 1.56 0.36 2.71 
5.0 20.98 0,60 0.2.2. 1.08 
4.0 15.41 0.48 0.20 1.30 
3.0 15.82 0.20 ('I , ., ..... ..~.~ ,... r~n v.o.G 
mean = 2.19 
- 166 -
Repeated analysis of the same sample, centr1~ugal photosedimentometer 
Upper Hean weight i:>tandard .Standard Variance Test of limit (%) within Variance error as ratio signifi-~) interval error % of irean cance 
10,0 6.49 1,92 0.40 6.16 2.07 NS 
9.0 6.60 1.48 0.35 5.31 1.24 NS 
G.O 8.69 1.87 0.40 4.54 2.60 NS 
7.0 9.58 0,97 0,29 2.97 1.41 NS 
6,0 11,18 0,67 0,24 2.11 2.35 1~S 
5.0 13.01 O,b5 0.27 2.03 1.42 !15 
4.0 14.13 1.18 0,31 2.13 2,46 NS 
3.0 17.89 4.07 0.58 3.25 20.35 3 
NS indicates that the means are derived from the same population 
(P = 0,05) and the data is comparable over ohe range 3.0-10,0 f• 
~ 2.2 
Correlation of results ~rem the two methods 
i:>ince samplin6 error was superimposed on the results o£ analysis 
of repeated salllples Ghe re:-ults ~'ro a t.he repeated anal,tses of the 
sa.ne sa.nple 1<Jere compared for correlatwn <JVer the ra11t,e 3.0-10.0 !1· 
The ratio oi the means Yes used to normalise the data, superimposing 
the Coulter results upon those from the centrifuge. 
Upper limit mean w J.ght {%) within J.nterval 
_0.) 
centrifuge Coulter normalised Coulter 
10,0 6.49 1.90 1.69 
9.0 6,60 5.39 4.81 
8.0 8,69 8.83 7,88 
7,0 9.58 13.07 ll,66 
6,0 11,18 13.33 11.88 
5.0 13.09 20.98 lb.73 
4.0 14.73 15.41 13.74 
mean 10.05 11.27 ratio centrifuge/Coulter = 0,8917 
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Let centrifuge results =X, normalised Coulter results = Y 
u = 70.36, ~x2 = 766.286, .l§£l = 707.2185 
n 
:E.Y = 70.39, H 2 = 904.777, (~Y) 2 = 707.8217 
n 
:<AY= 696.1292, (~.L)(f!) = 707.5201 
n 
sx
2 
= 9 8446 • 
sy2 = 32.8259 
c = - 1.8984 
sx = 3.0414 
ay= 5.72 
r = - 0.0109, for 5 d.f. <P = 0.1 
Hence there is good correlation between results from the two 
,nethods and direct comparison is justified. 
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.., ,n _, ,- . 
.J...J.L.J.u ~.L 
proccs&. 
(1) T:1.:.t the noJ.1-ITc.1to~~c..n C011?0nc.at of VJ..JCOGlty 1s due 
to the brcJ.k~nc of po..rt1clc contc.cts. 
be brol:,:::n 111 
or dei"' to dOVe 011c part1clc. 
()) 
l.J 1nCcpondcnt of s1zc. 
::;uch tl:C'. t d:1 /lx 
"" ~ ll!l 
Let tho top :tree::. novo rcl[.t.i.VO to t:1c lo·.1cr one. 
The volun;:,, V, o.r p.:rt1clc:s 1 tlllch flo,r rcl.:::.t1vc t0 t~1o la 1cr 
plane 
V = (1 -8. clh -(1 
(C) = vou:a.'.c - ( 1 J. ) c., ~ - - Y'volunc 
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Su:rpoJv t::c s1zc Ol..strJ..butl.Ol1 by _;.u11'!Jc.c of thv pcrL...Lcl .... .s ~::; 
f (x), Th1s l.S nor.1c.l1occl ovch the.t 
f (;:) ,'"lr-x:; ,d:: ~ ( 1 -EJ - (2 3' 
f(x),cl:: ~G no" the nu11bor of pm·t~c1cs ;Jcr mut vo1uno of tllc 
bed. 
The nuEb-.:or of pa..ctlclc:::::: lrl t .. :!.O UiJOCI' 
" . 
-(] 
uhcrc the nu-lbcr oi l10..:"'tlclcs of S..l.ZC ~~ lu n(:c) 
-(4 
Fro 1 '!. Aocuopt1on ()), the nunbc1. ... o.f co;1 i..;:.;.c t po1n ts bro!:Cl1 
for GlZC X = " (::) 
= n(::). 
"' 
+ 
1 
f(: :):'::-:c:G'C 
l'(:: lCx 
The "COt8l nunbcr of broken contcct po1nts 
" J~(::).d:: = A 
co~~lnlnG cqunt1.ons (~) an~ (6) 
X 
X 1 
j1_ J'_1_.(2~d:.;_ (x ; x1 ) A 
" Jf(x).dx 
.Subct1tui..-"--n~ 1n .}qu.:'..tlon (i:) 
" 
= (f(--) v cl--J ..:.. -- . -~. __ ... 
-(5 
-(G 
ctc. 
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Substitut~ng ~n equat~on (3) 
A= 6X 
11"X3 
Subst~tut~ng ~n equat~on (1) 
A= (1 -t_).dh.6X (f(x).dx 
-;nc3 JCXx + x1) 
Suppose each po~nt contact has a bind~ng energy b. 
The energy supplied = Ab 
This ~s suppl~ed by the force dF mov~ng unit distance 
• • 
• 
• • 
dF = Ab 
dF = 
dh 
The shear force necessary to produce unit veloc~ty grad~ent 
F =fl dF.dh 
dh 
0 
• 
• • JOQ = 
From equat~on (2) we can write 
J'b = b.X. { ((x) .dx 
) Xx + x1) 
-(7 
The s~ze d~stribut~ons (Table 3.3) are presented on a we~ght bas~s. 
The convers~on to a number d~str~but~on and oalculat~on of moments 
from a logar~thmico-probab~lity relat~onsh~p are desor~bed by Herdan 
(172, p. 83). 
x = geometr~c mean of number d~str~but~on, x 1 mean weight g g 
= exp (ln X + 0,5 ln2 c-) = X1 g g 
- 171 -
exp (2 ln x + 2 ln2 o-) =X g g 2 
2 
= exp (3 ln x + 4·5 ln er) • x3 g g 
x ~s converted to x' from the ar~thmetic mean of we~ght g g 
d~stribuhon x 
• • 
w 
2 (ln x' + 0.5 ln er) g g 
x1 = exp (ln x' - 2.5 ln
2 
o-) g g 
2 x2 = exp(2ln x' - 4 ln ~) g g 
x3 = exp(3ln x' - 4·5 ln
2 
.,-) g g 
The normal~sat~on factor ~n equation (2) ~s given by 
= £.1 
If' X 3 
A computer programme was wr~tten to calculate the integral of 
equation (7), integrating over the l~m~ts ~f ln x ! 2.576 ln ~ g g 
(P = 0.99) us~ng Simpson 1s Rule. 

APPENDIX" :&'OUR:· FLO\v CURVES 
Upcurves broken lines; Downcurves cont1nuous 
A.3 A CTAB/A/LS (Table 4.1) 
B CT!{Yo60 
c CEI'l A 0 
D CEM/A/LS 
E CPCjBjO 
F CPC/%15 
A.4 A CTAB B/60 
B CTAB/D/LS 
c CTAB/B/LS 
D CTAB/B/0 
E CTAB/B/15 
F CTAB/B/5 
G CTAB/B/10 
A.5 A CTAB/L/LS 
B CTAB/L/1/LS 
c CTAB/li/L/LS 
D CTAB~LS E CPC A LS 
F CTAB l1/LS 
G CTAB/0/LS 
H CTAB/N/LS 
I CTAB/P/LS 
J CTlJ.Bj C/L/LS 
A.6 A "]~t" B CPC C LS A.7 CTAB %LS A.B A CErl A 60 
B CPC/B/25 
c CPC/B/20 
D CElljJ'l20 
A.9 A CTAB E/LS 
B CTAB/G/LS 
c BENZ/A/LS 
D CTAB/C/LS 
E CTAB/H/LS 
F CTAB/K/LS 
G CTAB/%45 
H CPC/D LS 
A.lO A CPC/B/60 
B :rc/B/30 
c CPC/B/120 
D CPC/B/45 
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